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ABSTRACT 

T i t l e  of Thesis: Thermally I n s e n s i t i v e  Determinations of T rans i t i on  

P r o b a b i l i t i e s  f o r  C Z  , 01 , N e 1  , A R I I  , S i 1  , 
Si11  , PI  , PI1  , S I  , S I 1  , and C R I  . 

Myron H. Miller, Doctor of Philosophy, 1968 

Thesis d i r e c t e d  by: Research Associate PttrtfWsor, Thomas D. Wilkerson 

Absolute t r a n s i t i o n  p r o b a b i l i t i e s  were measured, f o r  more than 

150 l i n e s  i n  t h e  v i s i b l e  s p e c t r a  of 

P I I ,  S I ,  S I 1  and C R I  . Results var ied  i n  accuracy between 10% - 45%, 

being t y p i c a l l y  20% f o r  the  s t ronge r  l i n e s  of each element studied. 

S t a rk  widths were measured f o r  24 n e u t r a l  l i n e s  and 28  ion  l i n e s .  

C I ,  01, NeI, A R I I ,  S i I ,  S i I I ,  P I ,  

S t a rk  

s h i f t s  w e r e  a l s o  measured f o r  15 of 24 n e u t r a l  l i n e s .  

The spec t roscopic  source was a luminous gas-driven shock tube,  

normally operated a t  temperatures 9,000-13,000"K and a t  pressures  

5-40x10 dyne cm . Elec t ron  d e n s i t i e s  var ied  over t h e  range 2.5- 

12x10 cm . Photographic and multi-channel pho toe lec t r i c  recording 

were simultaneously employed f o r  time-resolved spectroscopy. 

independent methods of absolu te  i n t e n s i t y  c a l i b r a t i o n  were used: 

w a s  t h e  t r a d i t i o n a l  method r e ly ing  on t h e  DC carbon arc, and t h e  

o t h e r  w a s  a new method which relies on b a s i c  atomic parameters r a t h e r  

than labora tory  standards.  The thermodynamic state of t h e  shock tube 

6 -2 
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i 

plasma w a s  deduced from redundant data.  

measured f o u r  independent ways, using t h e  foliowing observations: 

Temperature w a s  simultaneously 



absolu te  in t eg ra t ed  i n t e n s i t i e s  of Hg and N e 1  A5852 , t he  ha l f -  

width of H 

t h i c k  po r t ion  of H o r  a l i ne - r eve r sa l  i n t e n s i t y .  Absolute pressures  

w e r e  recorded with c a l i b r a t e d  quar tz  t ransducers  and compared with those 

pred ic ted  from measured shock speeds and real-gas thermodynamics. Most 

s p e c t r a  w e r e  s tud ied  using two o r  t h r e e  types of test gas and a v a r i e t y  

of plasma temperatures and pressures .  

, and e i t h e r  t h e  s l i t - i n t e g r a t e d  i n t e n s i t y  from an o p t i c a l l y  B 

c1 

Current r e s u l t s  conta in  very l i t t l e  i m p l i c i t  dependence on 

measured source temperatures because they were deduced by "thermal 

balancing" -- a technique w e  have developed f o r  circumventing t h e  c r i t i ca l  

s e n s i t i v i t y  of exc i t ed  l e v e l  populat ions t o  thermal e r r o r s .  

The majori ty  of our A-values agree with Coulomb approximations 

t o  wi th in  30%. Resul t s  f o r  4s-4p t r a n s i t i o n s  i n  S i 1  , P I  and S I  

are f a c t o r s  of 2-8 smaller than predic ted  by Coulomb approximations. 

Marked departures  from LS coupling are observed i n  the  s p e c t r a  of S i I ,  

P I 1  and S I 1  . Sta rk  broadening of n e u t r a l  l i n e s  genera l ly  agrees  with 

theory t o  b e t t e r  than 10%; while  some i o n  l i n e s  agree  with cur ren t  t heo r i e s  

t o  wi th in  30%, o the r s  d i sagree  by f a c t o r s  as l a r g e  as 8. 
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CHAPTER I 

INTRODUCTION AND OUTLINE OF DISSERTATION 

A. In t roduct ion  

Astrophysics motivates much of t h e  i n t e r e s t  i n  atomic and 

molecular t r a n s i t i o n  p r o b a b i l i t i e s .  

determined without A-values, nor could q u a n t i t a t i v e  models f o r  stellar 

atmospheres be  explored very f a r  without them+-6Transition p r o b a b i l i t i e s ,  

toge ther  w i th  l i n e  broadening parameters and continuous absorption coef- 

f i e e n t s ,  are a l s o  e s s e n t i a l  f o r  a n a l y s i s  of less remote plasmas, such 

as those  produced by magnetic pinch devices o r  by t h e  bow shocks of re- 

e n t r y  vehicles!-'& rough c o r r e l a t i o n  has  a l s o  been demonstrated between 

t h e  A-value of a l i n e  and t h e  r ep roduc ib i l i t y  of spectrochemical ana lys i s  

based on t h a t  l i n e .  

S t e l l a r  abundances could not  be  

12 

A t  p re sen t ,  t h e  main app l i ca t ion  of A-values i s  t o  t h e  study of 

atomic environments r a t h e r  than  t h e  study of atomic s t r u c t u r e  per se. 

Atomic s t r u c t u r e  theory b e n e f i t s  from measurements which are accura te  

enough t o  d i s t i n g u i s h  good models from bad; t h e  theory then becomes a 

more use fu l  t o o l  f o r  es t imat ing  o the r  l i n e  s t r eng ths  needed i n  t h e  

fu tu re .  

For t h e  vast major i ty  of a s t rophys ica l ly  i n t e r e s t i n g  l i n e s ,  

i .e.,  s t rong  i s o l a t e d  l i n e s  l y i n g  i n  t h e  v i s i b l e  reg ion  and i n  t h e  near 

I R  and near  UV , n e i t h e r  experiment nor theory y e t  holds any clear-cut 

c l a i m  t o  supe r io r  reliabil i t ;3 While t h e r e  are t r a n s i t i o n s ,  f o r  ins tance  

those  between h ighly  exc i t ed  states of hydrogenic ions ,  where measured 

1 



values  cannot improve upon Coulomb f i e l d  p red ic t ions ,  many o the r  

t r a r t s i t i ons  cannot be  r e l i a b l y  t r e a t e d  using hydrogenic r a d i a l  wave 

functions7y14-16 

B. 

Progress i n  A-value determinations has been c lose ly  t i e d  t o  

R e v i e w  of Experimental A-Value Determinations 
.- . 

refinement of spec t roscopic  sources.  

emission o r  absorption is  meaningful only t o  t h e  ex ten t  i t  can c o r r e l a t e  

t h e  observed r a d i a t i o n  with t h e  number of emitters o r  absorbers i n  t h e  

l i n e  of s i g h t  -- t h a t  is, t h e  number of atoms i n  t h e  re levant  exc i t ed  

states. 

An inves t iga t ion  conducted i n  

The population of t hese  states usua l ly  cannot be  measured 

d i r e c t l y  (p rec i se ly  because t h e  l i n e  s t r eng ths  are not known) and must 

be deduced from t h e  thermodynamic state of t h e  source. The q u a l i t y  of 

t h e  r e s u l t i n g  A-value thus  hinges d i r e c t l y  on p rope r t i e s  of t h e  source: 

whether it is  i n  LTE s o  a thermodynamic state is r e a l l y  defined, and 

i f  s o ,  whether i t  i s  s u f f i c i e n t l y  homogeneous t o  warrant a space-averagedy 

o r  zoned, descr ip t ion .  A tu rbulen t  o r  patchy thermal l i g h t  source would 

c l e a r l y  be very hard t o  i n t e r p r e t .  

The c a p a b i l i t i e s  of a v a i l a b l e  labora tory  sources ,  r a t h e r  than 

a s t rophys ica l  importance, o f t e n  decides which t r a n s i t i o n s  are s tudied .  

For in s t ance ,  C S I ,  HgI, K I  and N a I  have each been sub jec t  t o  more 

than a sco re  of i nves t iga t ions ,  while t h e r e  have been no v i s i b l e  s tud ieg  

of B e I ,  FI,  P I  and only t h r e e  v i s i b l e  s t u d i e s  of S i 1  , d e s p i t e  i t s  
17 

18 
g r e a t  a s t rophys ica l  importance. Experimental s t u d i e s  with n e u t r a l s  out- 

number s t u d i e s  of f i r s t  ions  by more than t e n  t o  one, y e t  i t  is t h e  ion  

l i n e s  which are o f t e n  t h e  more important f o r  ana lys i s  of h o t t e r  stars. 
9 .  

No absolu te  A-values have y e t  been measured f o r  v i s u a l  l i n e s  of F e I I  

o r  A R I I .  
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The e a r l y  inves t iga t ions  

absorption, employing furnaces as 

of King l9 ' 2o 

spec t roscopic  sources. This work w a s  

w e r e  performed i n  

l imi t ed  t o  metall ic s p e c t r a  because furnace temperatures w e r e  so  low 

(1500 - 2500OK) as t o  e x c i t e  levels only a few e V  above the  ground state.  

Even f o r  t h e  metals, e x c i t a t i o n  energ ies  were so much g r e a t e r  than kT t h a t  

t h e  assumed level populations w e r e  c r i t i c a l l y  dependent on T . I n  addi- 

t i o n ,  vapor pressures  used i n  computing p a r t i c l e  d e n s i t i e s  (and hence, 

absolu te  l i n e  s t r eng ths )  were a l s o  c r i t 9 c a l l y  dependent on T . The r e s u l t s  

of much of t h i s  pioneering work contained systematic discrepancies which 

were t raced  by later i n v e s t i g a t o r s  t o  e r r o r  i n  source temperature and lack  

of source homogeneity. 

- a p r i o r i ,  astronomers found i t  necessary t o  use s o l a r  "curves of growth" 

t o  e l imina te  erroneous l i n e  s t r eng th  d a t a  f o r  var ious  levels of e x c i t a t i o n  

and var ious  s t ages  of i o n i z a t i o n  f o r  t hese  elements. 

Not being ab le  t o  assess any set o f  these  r e s u l t s  

4 95 

The,guest  f o r  t r a n s i t i o n  p r o b a b i l i t i e s  f o r  less r e a d i l y  exc i ted  

atoms l e d  t o  use  of hollow cathode and similar discharge tubes. While the  

des i red  atoms can o f t e n  be introduced as gases r a t h e r  than vapors, and the  

des i r ed  l i n e s  made b r i g h t  enough f o r  t i m e  i n t eg ra t ed  study, i t  proves 

d i f f i c u l t  t o  v e r i f y  how c lose ly  these  sources approach LTE . Glow dis- 
21 22 

charges found wide employment by Rozhdestvenskii, Prokofbv and co-workers 

during t h e i r  development of t h e  "hook" (anomalous d ispers ion)  metho& f o r  

ob ta in ing  A-values. 

metric c a l i b r a t i o n  bu t  except f o r  resonance l i n e s  does not remove the  de- 

pendence of measured A-values on t h e  temperature ascribed t o  t h e  source.) 

(This method circumvents t h e  t roub le  of absolu te  photo- 

Free-burning DC arcs have also been used?3 The e l e c t r o n  d e n s i t i e s  

i n  t h e  arc column are adequate t o  in su re  LTE , and a t t a i n a b l e  temperatures 
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w i l l  e x c i t e  t h e  s t rong  l i n e s  of many n e u t r a l  atoms. 

s e r ious  drawback t h a t  they are d i f f i c u l t  t o  s t a b i l i z e .  

scale wobble of t h e  arc column confuses t h e  d a t a  i n t e r p r e t a t i o n  f o r  a zoned, 

a x i a l l y  symmetric source no more than a m i l l i m e t e r  i n  diameter. 

These sources have t h e  

Erratic, l a r g e  

Within t h e  l as t  decade A-value inves t iga t ions  have divided i n t o  

two ca t egor i e s :  

sources (e.g. s t a b i l i z e d  arcs, shock tubes) and those t h a t  do not r e l y  d i r e c t l y  

on thermal e x c i t a t i o n  (e.g. r a d i a t i v e  l i f e t i m e  s t u d i e s ,  Hanle e f f e c t ,  na tu ra l  

l i n e  width measurements). 

those  t h a t  are designed t o  u t i l i z e  more soph i s t i ca t ed  thermal 

25 
Wall s t a b i l i z e d  arcs use a set of mechanical spacers t o  cons t ra in  

the  a r c  channel and f l u s h  t h e  e l ec t rodes  with an i n e r t  gas t o  reduce burning 

rates. Under optimal conditions these  arcs can burn s t e a d i l y  and quiescently 

f o r  periods of more than  an hour--which a f fo rds  t h e  advantages t h a t  weak 

l i n e s  can be  s tud ied  with t i m e  i n t eg ra t ed  recording and whole spec t r a  can 

be  scanned wi th  a s i n g l e  pho toe lec t r i c  de t ec to r .  Their main disadvantage 

is  t h a t  r a d i a l  thermal grad ien ts  demix plasma components i n  ways not y e t  

suscep t ib l e  t o  t h e o r e t i c a l  ana lys i s .  Also, a good d e a l  of t r i a l  and e r r o r  

may be necessary t o  f i n d  those spec t roscopic  add i t ive  concentrations which 

allow t h e  arc t o  burn quiescent ly .  

symmetric, zoned source (diameter ,< 1 nun) a l s o  r equ i r e s  Abel inversion- 

Side-on viewing of a c y l i n d r i c a l l y  

b u t  computer codes make t h i s  t a s k  f a r  less tedious than i n  t h e  pas t .  ( 

24,26 
Liquid vo r t ex  arcs cons t r a in  t h e  arc column wi th in  t h e  vortex 

center .  A r c  column wobble is  g r e a t e r  than with wa l l - s t ab i l i za t ion ,  bu t  t h i s  

may be  o f f s e t  by t h e  f a c t  t h a t  t h e  tu rbu len t  l i q u i d  vor tex  surrounding t h e  

arc makes i t  less suscep t ib l e  t o  demixhg problems. 

c u r r e n t l y  i n  use, wi th  t h e  wal l - s tab i l ized  v a r i e t y  enjoying g r e a t e r  popularity.  

Both types of arc are 
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27 There i s  no demixing problem i n  gas-driven shock tubes 

where t h e  bu lk  of t h e  plasma is homogeneous except f o r  t h i n  

boundary l aye r s .  

(% 1 mm) 

These l a y e r s  do not s epa ra t e  plasma components s i n c e  

t h e  du ra t ion  of t h e  plasma (2, 100~s) 

i n g  t o  occur. 

plasma conditions (temperature, p ressure)  t o  be  widely var ied  i n  a p red ic t ab le  

fash ion  by simple changes i n  t h e  i n i t i a l  gas pressures  se l ec t ed .  The 

necess i ty  t o  simultaneously time-and wavelength-resolve spec t r a  calls f o r  

e l abora t e  instrumentation; i t  is  a l s o  d i f f i c u l t  t o  study l i n e s  of low br ight -  

ness because signal-to-noise problems cannot be  overcome by long sampling 

t i m e s .  

a spec t roscopic  source 28-32 

i n  t hese  re ferences) .  

34 Parkinson . 
Shock tubes using heated d r i v e r  gases are employed t o  study l i n e s  

does not allow t i m e  f o r  &mix- 

Luminous shock tubes a l s o  have t h e  advantage of allowing 

Laporte 's  group a t  Michigan made ex tens ive  use of ' the shock tube as 

(complete re ference  t o  earlier work is given 

More recent  re ferences  are l i s t e d  by B ~ a r d ~ ~  and by 

whose e x c i t a t i o n  r equ i r e s  mean thermal energies i n  excess of t h e  1 e V  pro- 

duced by DC arcs o r  cold-driver (conventional) shock tubes. With e i t h e r  

chemical hea t ing  (explosive d r ive r s j50 r  e l e c t r i c a l  hea t ing  36 (T-tubes) 

t h e r e  is a t r a d e  off between plasma temperature and plasma dura t ion ,  i .e.,  

t h e  h igher  t h e  temperature achieved, t h e  s h o r t e r  t h e  a v a i l a b l e  test t i m e s .  

For T-tubes t h i s  does not present  a s e r i o u s  handicap because t h e i r  epce l len t  

r e p r o d u c i b i l i t y  and f a s t  duty cyc les  permit shot-to-shot scanning using 

s h o r t  rise-time photomultipliers.  

Lifetime s t u d i e s  y i e l d  t h e  most r e l i a b l e  experimental A-values 

p re sen t ly  ava i l ab le .  

t i m e s  ( t y p i c a l l y  10m8sec), thus avoiding t h e  p r e s i s t e n t  problems associated 

wi th  thermal l i g h t  sources. 

A-values are obtaTned d i r e c t l y  from r a d i a t i v e  l i f e -  

The r a d i a t i v e  decay t h a t  follows impulsive 
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e x c i t a t i o n  can b e  timed i n  a v a r i e t y  of ways: by time-resolving t h e  

rad ia t ion37 ' 38 emitted subsequent t o  impulsive e x c i t a t i o n  of very sho r t  

dura t ion  (coincidence method), by not ing  t h e  phase s h i f t  

emitted r a d i a t i o n  and s inuso id i ly  applied e x c i t a t i o n  (phase s h i f t  method), 

be tween 

o r  by d i r e c t i n g  a monoenergetic beam of p a r t i c l e s  onto a very t h i n  t a r g e t  

f o i l  and measuring t h e  f a l l  o f f  i n  l i n e  i n t e n s i t y  with d i s t ance  behind 

t h e  t a r g e t  (time-of-f l i g h t  method) !' These techniques are most r ead i ly  

applied t o  t r a n s i t i o n s  i n  t h e  W and VUV because level-cascading problems 

usua l ly  become t r a c t a b l e  only f o r  deep-lying levels. Moreover f o r  many 

a s t rophys ica l ly  i n t e r e s t i n g  l i n e s ,  impulsive e x c i t a t i o n  c ross  sec t ions  are 

too s m a l l  t o  y i e l d  t h e  amount of l i g h t  needed t o  measure decay t i m e s .  

T rans i t i on  p r o b a b i l i t i e s  deduced. from a l i n e ' s  n a t u r a l  

width do not depend i n  p r i n c i p l e  upon t h e  thermodynamic s ta te  of t h e  l i g h t  

source 

i n  c l a s s i c a l  terms, t h e  width due t o  damping of a harmonic o s c i l l a t o r )  

The uncer ta in ty  pr inc ip le13  y41 relates t h e  n a t u r a l  width (i. e. 

t o  t h e  sums of A-values f o r  t r a n s i t i o n s  out  of t h e  upper and lower s t a t e s  

of t h e  l i n e .  Under favorable  conditions,  i .e. e i t h e r  t h e  upper o r  lower 

state is metastable,  o r  t h e  lower state i s  ground, coscading problems are 

eliminated; i f  moreover, t h e  sum of A-values f o r  spontaneous emission 

out of a level i s  dominated by a s i n g l e  term, t h e  l i n e ' s  halfwidth w i l l  

be uniquely r e l a t e d  t o  t h i s  s i n g l e  A-value. I n  p r a c t i c e  however, Doppler 
4 

broadening, and pressure  broadening complicate t h e  measurement of n a t u r a l  

widths . To unscramble t h e  var ious  cont r ibu t ions  t o  t o t a l  l i n e  widths,  

one can use t h e  curve of growth 30 y 4 2  o r  combine high r e so lu t ion  spectroscopy 

t 

Autoionizin 43 l i n e s  are an exception: t h e i r  n a t u r a l  widths may be more 
t i m e s  g r e a t e r  than  normal l i n e s )  so i n t e r f e rence  from com- 

t 
than d, (10 
p l e t i n g  broadening mechanisms is s l i g h t .  

Fi 
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with very low dens i ty  l i g h t  sources42. 

advantage of reducing in t e r f e rence  from induced emission, absorption 

and c o l l i s i o n a l  processes.  

The la t ter  method has the  

The Hanle ef f e ~ t ~ ~  has r ecen t ly  been u t i l i z e d 4 5  t o  ob ta in  A-values. 

This technique determines l i f e t i m e s  of exc i ted  atomic states from va r i a t ions  

i n  l i n e  i n t e n s i t y  t h a t  accompany t h e  level crossing of Zeeman subleve ls  

under t h e  inf luence  of ex te rna l ly  applied magnetic f i e l d s .  

Since each of t h e  methods discussed has i ts  own s t r eng ths  and 

weaknesses, t h e  most convincing values of atomic l i n e  s t r eng ths  w i l l  be those 

measured wi th  good agreement by a l l  methods. Short of t h i s  goal, one can 

use a f a i r l y  c e r t a i n  l i f e t i m e  value,  f o r  example, as a secondary standard i n  

reducing thermal l i g h t  source data. I n  t h i s  way, advances i n  each method 

can be  propagated i n t o  o the r s .  

handbook of l i n e  s t r e n g t h s  w i l l  have t o  proceed i n  t h i s  way; indeed the  

National Bureau of Standards has underway a c r i t i ca l  survey of d a t a  of t h i s  

type which i s  being cont inua l ly  rev ised  as new d a t a  become available. 

emphasis of our work i s  experimental wi th  observations made only a t  t h e  

end as t o  how w e l l  t h e o r e t i c a l  treatments agree wi th  t h e  experimental 

r e s u l t s .  

d a t a  from one thermal l i g h t  source--the gas-driven shock tube. 

discovered i n  these  experiments w i l l  a l s o  be of g r e a t  use i n  o t h e r  thermal 

l i g h t  sources.  

We be l i eve  t h a t  attainment of a r e l i a b l e  

The 

The t h r u s t  of our  experiments is t o  improve and cross-check t h e  

Methods 

< 

C* Outline of P r i n c i p l e  Results 

The i n i t i a l  and paramount ob jec t ive  of t h i s  work is  t o  ob ta in  t h e  
* .  

absolu te  t r a n s i t i o n  p robab i l i t y  of t o  a r e l i a b i l i t y  of - + 10% . 
Ful ly  one h a l f  of our t o t a l  experimental e f f o r t  w a s  d i r ec t ed  towards t h i s  

CI A5052 

d l e  f i v e  previous C I  i nves t iga t ions  have been reported wi th in  
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t h e  p a s t  f i f t e e n  yea r s ,  t h e i r  r e s u l t s  d i sagree  by a f a c t o r  of 4 .  

cur ren t  i n v e s t i g a t i o n  i s  t o  meaningfully claim b e t t e r  accuracy than its 

predecessors,  i t  must be  demonstrably f r e e  from s i g n i f i c a n t  systematic 

( repea tab le)  e r r o r s .  The methods w e  have adopted t o  demonstrate freedom 

from sys temat ic  e r r o r s  e f f e c t i v e l y  f o r c e  us t o  perform several independent, 

simultaneous measurements of t h e  same t r a n s i t i o n  p robab i l i t y ;  i . e . ,  t o  

perform several of t h e  conventional experiments simultaneously. This is  done 

f o r  each shock tube shot .  

I f  t h e  

Our program t o  e l imina te  s y s t e m a t i c  e r r o r s  had th ree  d i s t i n c t  p a r t s :  

a l l  p e r t i n e n t  v a r i a b l e s  w e r e  measured redundantly; A-values were deduced i n  

a new way (TIB) t o  circumvent t he  usua l  c r i t i c a l  dependence on measured 

source temperature; and t h e  experiment w a s  executed over wide ranges of 

source temperature and pressure ,  using more than one type of tes t  gas t o  

introduce carbon i n t o  the  plasma. 

During t h e  inves t iga t ion  of C I  A5052 each experimental run in- 

cluded four  simultaneous and independent temperature measurements. 

temperatures w e r e  deduced from t h e  absolu te  in tegsa ted  i n t e n s i t y  of 

t h e  absolu te  in t eg ra t ed  i n t e n s i t y  of H , t h e  halfwidth of HB , and the  

s l i t - i n t e g r a t e d  o p t i c a l l y  t h i c k  po r t ion  of 

The four  

N e 1  A5852 , 

B 

Ha . 
Plasma pressure  w a s  obtained both d i r e c t l y ,  from quar tz  transducers,  

and from Rankine-Hugonio t (real-gas) p red ic t ions  based on observed inc ident  

shock speeds. 

Our photometry w a s  a l s o  redundant: two independent methods of 

absolu te  i n t e n s i t y  c a l i b r a t i o n  (one of them new) w e r e  rou t ine ly  employed. 

The absolu te  in t eg ra t ed  i n t e n s i t y  of 421 A5052 w a s  simultaneously 

recorded both photographically and pho toe lec t r i ca l ly .  Two d i f f e r e n t  
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photographic emulsions w e r e  a l t e r n a t e l y  used f o r  time-resolved relative 

i n t e n s i t y  measurements. 

Enough d a t a  were co l l ec t ed  during each shock tube sho t  t o  y i e l d  

several independent estimates of t h e  des i red  A-value. Amongst t hese  

simultaneous r e s u l t s  f o r  C I  A5052 are c e r t a i n  p a i r s  whose averages, 

according t o  t h e  p red ic t ions  of Saha-Boltzmann equilibrium, w i l l  conta in  

only a small f r a c t i o n  of t h e  cr i t ical  dependence on source temperature normally 

i m p l i c i t  i n  measured C I  A-values. 

Our s t u d i e s  of C I  w e r e  conducted a t  temperatures ranging between 

6 -2 9,500'K and 13,OOO'K and a t  pressures  varying from 5x10 dynes c m  t o  

6 -2 16  -3 20x10 dynes c m  . Elec t ron  d e n s i t i e s  va r i ed  between 2:5x10 cm and 

12X1016cm-3 . The shock-heated gases rou t ine ly  used cons is ted  ( i n i t i a l l y )  

1 1 of 1% CH4 + 99% neon and y% CH4 +y% CS2 + 99% neon: a few runs employed 
1 
40 4 4 -Y CH + 3% cs2 + 99% neon. 

B 
A s  a c o n t r o l  on o v e r a l l  accuracies,  w e  measured t h e  A-value of H 

simultaneously with our determinations of C I  A-values. 

By being much less suscep t ib l e  t o  systematic e r r o r s ,  t h i s  i nves t i -  

ga t ion  would seem much more r e l i a b l e  i n  p r i n c i p l e  than t h e  t y p i c a l  emission 

study which relies on t h e  minimum complement of t h r e e  measured va r i ab le s  

(e.g., one temperature, one pressure  and one absolu te  in t eg ra t ed  i n t e n s i t y ) .  

While good equipment and reasonable a t t e n t i o n  t o  d e t a i l  may insu re  re- 

producible ( s m a l l  scatter) r e s u l t  f o r  t h e  l a t te r  type of experiment, systematic 

("repeatable") e r r o r s  e a s i l y  go undetected. I n  f a c t ,  t h i s  must o f t en  have been 

the  case, t o  judge from t h e  marked d iscrepancies  i n  the  l i t e r a t u r e  between 

au thors  each claiming s m a l l  margins o f ' e r r o r .  

The present  i nves t iga t ion ,  however, w a s  s p e c i f i c a l l y  designed t o  

counter ilystematic e r r o r s ,  both by s e t t i n g  up several ways t o  discover them 
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and by minimizing t h e  consequences t o  t h e  r e s u l t s  should any escape de tec t ion .  

Each p a i r  of redundant c a l i b r a t i o n s ,  of redundant measurements of s ta te  

v a r i a b l e s ,  of redundant photometric measurements, and each of t h e  independently 

deduced A-value determinations ( f o r  t h e  same l i n e )  i s  prone t o  i t s  own 

pecu l i a r  set of sys temat ic  e r r o r s .  

sys temat ic  e r r o r  can t h e r e  be  i n t e r n a l  self-consistency a t  a l l  levels of 

the  experiment from c a l i b r a t i o n s  through f i n a l  r e s u l t s .  The self-consistency 

checks are made even more s t r i n g e n t  by i n s i s t i n g  t h a t  they hold over widely 

Only i n  the  absence of s i g n i f i c a n t  

varying source conditions.  

T rans i t i on  p r o b a b i l i t i e s  f o r  t h e  v i s u a l  l i n e s  of S I  and S I 1  

w e r e  obtained a t  a considerable economy of e f f o r t  compared t o  the  

Our "system" w a s  c a l i b r a t e d  and checked-out i n  t h e  course of t h e  

C I  r e s u l t s .  

C I  

s t u d i e s :  t h e r e a f t e r  i t s  c a p a b i l i t i e s  f o r  r ap id ly  gathering d a t a  could be u t i l i z e d  

i n  a more o r  less r o u t i n e  manner. A t  t h e  beginning of t h i s  study, 

no published experimental r e s u l t s  w e r e  a v a i l a b l e  f o r  e i t h e r  S I  o r  S I 1  . 
lhis is curious because t h e  v i s u a l  spectrum of S I 1  is  unusually r i c h  i n  

s t rong  i s o l a t e d  l i n e s ,  whose Coulomb approximation A-values l ed  A l l e r  t o  

conclude: 

46 

"For no o the r  element do s o  many l i n e s  y i e l d  so  l i t t l e  d a t a  on 

s te l lar  abundances." A-value determinations f o r  S I  and S I 1  by Bridges 

and Wiesel'and f o r  SI by Foster?'have been reported i n  t h e  last two years.  

These authors d isagree  by 40% i n  t h e i r  estimates of S I  t r a n s i t i o n  p r o b a b i l i t i e s .  

Compared t o  C I  o r  S I  , a r e l a t i v e l y  small number of d a t a  runs 

w e r e  devoted t o  each of t h e  s p e c t r a  S i 1  , S i 1 1  , PI  , P I 1  , N e 1  , A R I I  , 
01 and C I l I  . It w a s  a deadl ine  f o r  r e loca t ing  our equipment, r a t h e r  than 

a lesser as t rophys ica l  importance, that' w a s  respons ib le  f o r  t hese  spec t r a  

being a l l o t e d  less labora tory  t i m e  (fewer runs) than C I  , S I  o r  S I 1  . 
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Because they  were s t u d i e d  less exhaus t ive ly ,  our  r e s u l t s  f o r  t h e s e  elements 

are less accura t e  than  f o r  C I  o r  S I  : whether they are s l i g h t l y  less 

accura t e ,  o r  g ross ly  less accura t e ,  depends both on t h e  s t r e n g t h s  of t h e  

i n d i v i d u a l  l i n e s  and t h e  p a r t i c u l a r  s u s c e p t i b i l i t y  t o  sys temat ic  e r r o r  of 

t h e  type  of A-value de te rmina t ion  employed. 

Experimental A-values have not  been previous ly  repor ted  f o r  any 

v i s u a l  l i n e s  of P I  o r  P I 1  . Although t h e r e  have been several r ecen t  

works 

i n v e s t i g a t i o n  above 41001 c o n s i s t s  of Hey's.measurement of S i 1  A5948 . 
One h a l f  of t h e  01 (mul t ip l e t )  A-values w e  r e p o r t  have not  been previous ly  

s tud ied .  Although t h e  v i s u a l  spectrum of N e 1  has  been ' the  o b j e c t  of many 

r e c e n t  experiments,  none have d e a l t  w i t h  t h e  l i n e s  w e  r e p o r t  here .  

devoted t o  t h e  near  W spectrum of S i 1  , t h e  s o l e  p r i o r  
47-50 

13,17,51 

S t a r k  widths  and s h i f t s  w e r e  measured as func t ions  of e l e c t r o n  

dens i ty  f o r  a t o t a l  of s i x t e e n  n e u t r a l  l i n e s  from t h e  s p e c t r a  of C I  , 01 , 
N e 1  , S i 1  , P I  , S I  , C R I  and A I  . While t h e s e  d a t a  were obtained as 

f r e e  by-products of our  A-value s t u d i e s ,  t h e  measurements w e r e  conducted 

under c i rcumstances f avorab le  t o  good accurac i e s ,  i .e . ,  s h i f t s  and widths  

w e r e  o f t e n  observed over  a f a c t o r  of 4 i n  e l e c t r o n  dens i ty  and a f a c t o r  of 

5 i n  peak l i n e  b r igh tness ;  our  source  plasma is  laminar and homogeneous 

( i ,e . ,  n o t  zoned); and, i n  many cases, observed fu l l -ha l fwid ths  exceed 

ins t rument  widths  by more than  a f a c t o r  of 5. ( 

S t a r k  widths  were a l s o  measured f o r  27 i o n  l i n e s  from t h e  s p e c t r a  

of S I 1  , Si11  , A R I I  , and P I1  . Because our  experimental  procedure w a s  

always d i r e c t e d  towards opt imizing r e s u l t s  f o r  A-values, these narrow l i n e s  

w e r e  u s u a l l y  measured wi th  spectrograph s l i ts  several t i m e s  broader  than 

t h e i r  t o t a l  S t a r k  widths.. So accurac i e s  are not  high.  However, i n  most 

cases to l e rances  are no t  so l a r g e  as t o  prec lude  meaningful comparison wi th  
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the  r ecen t ly  reformulated broadening theory f o r  i o n  l i n e s ,  52-54 

Data f o r  comparing t h e  halfwidths of €I and H were a l s o  
B Y 

included as a bonus along with our t r a n s i t i o n  p robab i l i t y  da ta .  

p rec i s ions  a v a i l a b l e  from our time-resolved photographically recorded 

p r o f i l e s  do not  compete with those obtained by Gerard0 and H i l l  

plasma temperatures i n  t h e  two experiments d i f f e r  t y p i c a l l y  by a f a c t o r  of 

2,  s o  r e s u l t s  of t h e  two experiments are no t  d i r e c t l y  comparable. 

Accuracies of t h e  cu r ren t  r e s u l t s  are good enough t o  render them usefu l  

f o r  comparison with G r i e m ' ~ ' ~  p r ed ic t ions  f o r  t h e  S ta rk  broadening of 

B a l m e r  l i n e s .  

While the  

55 , 

D.  Out l ine  of t h e  Di s se r t a t ion  

A b r i e f  review of spec t roscopic  concepts and formulas is  given i n  

Chapter 11. Some of t hese  r e l a t i o n s  are evaluated and presented i n  

graphica l  form f o r  later use i n  t h e  ana lys i s  of our shock tube plasmas. 

W e  a l s o  d i scuss  d i f f e r e n t  methods of measuring A-values i n  emission using 

thermal l i g h t  sources containing s e v e r a l  atomic species. The last s e c t i o n  

treats t h e  problems involved i n  s e l e c t i o n  of spectrograph s l i t  widths f o r  time 

resolved s t u d i e s  with l i g h t  sources of l imi t ed  b r igh tness .  

Chapter I11 descr ibes  t h e  method of thermally i n s e n s i t i v e  balancing 

(TIB) which we employ t o  circumvent t h e  usua l  c r i t i c a l  s e n s i t i v i t y  of 

measured A-values t o  e r r o r s  i n  t h e  temperature ascribed t o  t h e  l i g h t  source. 

~ 

I n  Chapter IV w e  consider aspec ts  of t h e  conventional gas-driven 

shock tube t h a t  p e r t a i n  t o  i t s  use as a spec t roscopic  l i g h t  source. 

second s e c t i o n  conta ins  a b r i e f  h e u r i s t i c  account of shock tube operation 

The 

intended t o  o r i e n t  t he  reader  not previously f ami l i a r  with these  devices. 

The t h i r d  s e c t i o n  compares thermo-hydrodynamic p red ic t ions  f o r  t h e  state 

of f i r s t  r e f l e c t e d  shocks with d i r e c t  measurements of state va r i ab le s .  
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I n  t h e  fou r th  s e c t i o n  w e  consider t h e  e f f e c t s  on our r e s u l t s  

depar tures  from t h e  idealized,one-dimensional model of shock 

of 

tube 

flows. 

ness i s  discussed i n  t h e  last sec t ion .  

Ta i lo r ing  of plasma conditions t o  optimize s p e c t r a l  l i n e  br ight -  

Chapter V d e a l s  wi th  cons t ruc t ion  of t h e  shock tube and i ts  related 

equipment. 

a s u b s t a n t i a l  po r t ion  of t h e  present  d i s s e r t a t i o n .  

w e  a l s o  d i scuss  d a t a  c o r r e l a t i n g  r ep roduc ib i l i t y  of diaphragm breaking 

pressures  with methods of diaphragm preparation: t h i s  information may 

prove of practical  use  t o  workers employing shock tubes. 

s e c t i o n  w e  desc r ibe  equipment f o r  pho toe lec t r i c  image d i s sec t ion .  Jo in ing  

microscope cover-glass s l i d e s  t o  formed, f ib re -op t i c  bundles produces 

sequen t i a l  sampling channels of 5 0 ~  width t h a t  are simple and inexpensive. 

The design and cons t ruc t ion  of t h i s  apparatus cons t i t u t ed  

I n  the  f i r s t  s e c t i o n  

I n  t h e  second 

The experimental techniques used t o  c a l i b r a t e  de t ec to r s  and t o  

c o l l e c t  d a t a  from t h e  shock tube are described i n  Chapter V I .  

redundant measurements of photometric and thermodynamic va r i ab le s  are 

presented and intercompared. 

Data from 

I n  Chapter V I 1  w e  present  r e s u l t s  of A-value determinations f o r  

v i s i b l e  l i n e s  of C I ,  01, N e I ,  A R I I ,  S i I ,  S i I I ,  P I ,  P I I ,  S I ,  S I 1  and 

C R I  . Resul t s  are a l s o  given f o r  S ta rk  widths and s h i f t s  of 16 n e u t r a l  

l ines o r  merged m u l t i p l e t s  and f o r  S ta rk  widths of 28 i on  l i n e s  se l ec t ed  

from these spec t ra .  

experimental va lues  and t h e o r e t i c a l  p red ic t ions ,  w e  d i scuss  t h e  p a r t i c u l a r  

experimental problems posed by each element and the  various i n t e r n a l  

consistency checks applied t o  our data.. 

t h e  observed ha l fwid th  of H and H . 

I n  add i t ion  t o  comparing our r e s u l t s  with previous 

I n  t h e  last  s e c t i o n  w e  compare 

B Y 
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Chapter VI11 assesses t h e  agreement between our co l l ec t ed  

r e s u l t s  and Coulomb p red ic t ions  f o r  complete m u l t i p l e t s ,  and compares 

relative l i n e  s t r eng ths  wi th in  m u l t i p l e t s  with LS coupling predic t ions .  

The second s e c t i o n  o f f e r s  a b r i e f  c r i t i q u e  of t h e  cu r ren t  experiment's 

design, as viewed with h inds ight .  

f o r  f u t u r e  inves t iga t ion .  

The las t  s e c t i o n  suggests some areas 



CHAPTER I1 

SUMMARY AND APPLICATION OF 

SPECTROSCOPIC THEORY 

A. In t roduct ion  

W e  d i scuss  t h e  formation of s p e c t r a l  l i n e s  by a thermal l i g h t  

source,  t h e  dependence of l ine  f e a t u r e s  on p r o p e r t i e s  of t h e  source,  

ope ra t iona l  d e f i n i t i o n s  of types of A-value measurements and f a c t o r s  govern- 

ing  s e l e c t i o n  of t h e  spec t rographic  s l i t  width. 

B. Op t i ca l ly  Thin Lines 

A l i g h t  source is s a i d  t o  be "op t i ca l ly  thin" a t  a given wavelength 

i f  photons of t h a t  wavelength, emitted a t  any depth i n  t h e  source,  escape 

without subsequent i n t e r a c t i o n s .  Of course,  s t a t i s t i c a l l y  speaking an 

occas iona l  photon w i l l  be reabsorbed no matter how tenuous o r  shallow t h e  

source is. However, r a d i a t i v e  t r a n s f e r  assumes a p a r t i c u l a r l y  simple form 

once t h e  photon mean f r e e  pa th  is  of order t e n  t i m e s  t h e  ex ten t  of t h e  source 

along t h e  l i n e  of s i g h t .  For example, t h e  in t eg ra t ed  energy i n  an emitted 

s p e c t r a l  l i n e  is then independent of t h e  l i n e  p r o f i l e .  For a homogeneous, 

laminar source,  t h e  absolu te  in t eg ra t ed  i n t e n s i t y  along a l i n e  of s i g h t  of 

6,7,57 l ength  & can be  wr i t t en :  

hc  I =  - 
48 A ' AmnNm 

-2 -1 e rgs  c m  s-' s t e r a d  .. 

15 
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where N = number dens i ty  of atoms i n  t h e  exc i ted  s ta te  , m 

mn A = t r a n s i t i o n  p r o b a b i l i t y  per  u n i t  t i m e  (Eins te in  c o e f f i c i e n t ) .  

When, i n  add i t ion  t o  being homogeneous and f r e e  from strong ex- 

t e r n a l l y  appl ied  f i e l d s ,  all atomic states i n  the  plasma are populated 

e s s e n t i a l l y  by c o l l i s i o n s ,  

occurs f o r  each t e n  c o l l i s i o n s  a f f e c t i n g  t h e  occupation of t h e  most t i g h t l y -  

bound atomic s ta te  i n  t h e  plasma, then t h e  number dens i ty  of an exc i ted  s ta te ,  

N 

i .e.,  when not more than one r a d i a t i v e  t r a n s i t i o n  

, w i l l  be  given by t h e  Maxwell-Boltzmann d i s t r i b u t i o n  m 

where Np = 
4 

and 

gm -Em/kT N = N p  - e 
m 4 ZP 

4 

t h  t o t a l  number dens i ty  of atoms (ions) of t h e  q 

element i n  t h e  pth s t age  of i on iza t ion ,  

25 +1 = s t a t i s t i ca l  weight of t h e  s ta te  m , 

energy of t h e  state m , 
m 

n 
to c g i e  -Ei/kT = p a r t i t i o n  func t ion ,  where t h e  

i = n  

summation is over a l l  allowed states of t h e  atom 
0 

from t h e  ground state n t o  t h e  h ighes t  bound 

state of t h e  atom i n  i t s  p a r t i c u l a r  plasma environ- 

0 

ment, n m  . 

I f  n is taken as t h e  most ene rge t i c  state f o r  which 
to 

. ,  
P En 5 xP - A x q  

4 
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where xi = ionization energy (in vacuo) of qth atom in its 

pth stage of ionization, 

-AXq = decrease in ionization potential due t o  plasma 

microf ields , 

Griem 58shows that the uncertainty in this cutoff procedure, together with 

the error from neglecting plasma perturbations t o  the energy levels 

E E , causes much less than 1% error in Zp under normal laboratory 

conditions. 
n, q 

For an r-component plasma there are r Saha equations for ionization 

equilibrium. 

Considering only neutrals (p = 0) and first ions (p = 1) : 

These are coupled together by the plasma electron density. 

3/2 2Z1 1 
- e  , q = 1,2,=*-r 2amkT) NeN 

-g= ( 
Z0 
q 

NO h3 
4 

[31 

For a closed thermodynamic system of known (initial) composition the following 

subsidiary conditions must be used with eqn. [3]; 

where N =  

N =  

1 
q q q  

No -I- N = a (N-Ne) , q = 1,2,**= r 

total particle number density, 

since departures from ideal gas behavior kT 
are negligible at 10 OR 4 , 
constant = relative concentration of qth atoms 

in the test gas, 
9 .  

141 

[51 
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10.5 I10 I 1.5 12D 

Fig. 1: Excited State Number Density of Hg as a Function of 

Temperature and Pressure. 
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TxlOsoK- 
Fig. 2:  Excited State Number Density of CI A5052 as a Function of 

Temperature and Pressure. 
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and 

where t h e  f a c t o r  of 2 e n t e r s  through t h e  requirement of plasma n e u t r a l i t y ,  

f N1 = N e  . 
q=l P C71 

Equations [I] - [ 7 ]  are s u f f i c i e n t  t o  uniquely determine any 

N i f  p and T (or two equivalent thermodynamic state variables),  are 

given toge ther  wi th  t h e  i n i t i a l  plasma composition. 

equations are coupled, t h e i r  so lu t ion  requi res  i t e r a t i o n  i n  e l ec t ron  

dens i ty :  s o  f o r  rou t ine  calculations,computer coding i s  almost a 

necess i ty .  For example, i f  i t  t y p i c a l l y  requi res  4 i t e r a t i o n s  t o  a t t a i n  

a 1% level of convergence, then t o  f i n d  t h e  exc i ted  s ta te  number dens i ty  

f o r  some carbon l i n e  i n  a plasma i n i t i a l l y  composed of %% CH + 
99% neon requi res  s o l u t i o n  of 48 equations. 

m 

Because t h e  Saha 

+ % %  CS 4 2 

The computer program employed 

i n  t h e  cur ren t  work w a s  w r i t t e n  f o r  us by K00pman~~  and Bengtson along 
60 

l i n e s  suggested by Rouse . 
Figures 1 and 2 show t h e  dependence of exc i ted  s t a t e d  d e n s i t i e s  

B on pressure  and temperature f o r  two l i n e s ,  H and CI A5052 , t h a t  are 

t y p i c a l  of those  w e  study. 

I n  t h i s  treatment w e  have s t a t e d  t h a t  t h e  system i s  closed and( 

have i m p l i c i t l y  assumed t h a t  a l l  molecules are completely d issoc ia ted .  I n  

t h e  cur ren t  shock tube s t u d i e s  these  assumpttons are v a l i d  t o  a good approxi- 

mation. 

Our plasmas are not s t r i c t l y  'closed thermodynamic systems because 

s m a l l  concentrations of impur i t ies  b o i l  off  the  shock tube w a l l s .  Two kinds 
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of impurity can inf luence  our determinations of an A-value, say t h a t  f o r  

C I  A5052: very r e a d i l y  ionized impur i t ies  which s h i f t  the  Saha- 

equi l ibr ium of 

'lot N C I  A5052 

NCIh5052 , and impurity l e v e l s  of carbon. I n  F ig .3  w e  

as a func t ion  of temperature f o r  d i f f e r e n t  assumed impurity 

is  only a 
t concentrat ions of aluminum. The relative change i n  NCIA5052 

few percent  f o r  aluminum concentrat ions seve ra l  t i m e s  l a r g e r  than could 

ex i s t  without causing s i g n i f i c a n t  discrepancies  between t h e  predicted and 

observed (c f .  Chapter VI) e l e c t r o n  dens i t i e s .  Impurity l e v e l s  of carbon a r e  

estimated (cf .  Chapter VI) t o  introduce not  more than 3% e r r o r  i n t o  

A(C1 A5052). 

then C I  l i n e s  would be  observed i n  pure argon plasmas. 

I f  carbon impurity l e v e l s  were twice as l a rge  as w e  es t imate ,  

Since our customary plasmas are h o t t e r  than 10,OOO°K, l e s s  than 1% 

of t h e  test  gas remains undissociated.  61s6%Je do not observe such f ea tu res  as 

C2 Swan bands i n  t h e  shock regions where w e  measure A-values. 

C. Formulation f o r  F i n i t e  Optical  Depth 

The o p t i c a l l y  t h i n  approximation, eqn. [l], is not  v a l i d  f o r  b r igh t  

l i n e s  whose photons s tand  a good chance of being reabsorbed ins tead  of emerg- 

i n g  from t h e  plasma without i n t e rac t ing .  

t r a n s f e r  w e  can treat t h e  i n t e r a c t i o n  between these  l i n e s  and the  emit t ing 

plasrnafS7The treatment i s  exact i f  w e  have de ta i l ed  knowledge of t he  shape 

of t h e  l i n e  i n  a p a r t i c u l a r  plasma environment. 

By invoking the  l a w s  of r a d i a t i v e  

For a b o g e n e o u s  source 

viewed through a s m a l l  s o l i d  angle  t h e  observed i n t e n s i t y  per  wavelength 

i n t e r v a l  per  s t e r a d i a n  is 

.. 
+We use aluminum as a coavenient lumped concentrat ion t o  represent  a l l  
types of impurity atoms which are more than 90% ionized a t  T - l l , O O O ° K .  
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7.0 

6.0 

TEST GAS IS 
I% CH, IN NEON, PLUS: 

b. 0.2% AL 
a. 0.4% AL 

c. 0.0% A L  

d. 0.4% A L  

f. 0.0% AL 

p'= 10.5 X IO6 dyne cm'* 1 
p ~ 7 . 0  X IO6 dyne cmm2 

, .TXIObOK- 
F i g .  3: Effec t  of Readily Ionized Impurity Upon t h e  Excited S t a t e  

Number Density of C I  A5052. 
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1 -Ek' ( A )  IX = BX(T) [ l  - e 181 

where Ek'(A) = T ( X )  = o p t i c a l  depth 

R = l ength  of t h e  l i g h t  source along l i n e  of s i g h t ,  

hc  2 -  
BX(T) = - 2hc [ekTX - lil= t h e  Planck func t ion ,  

X5 

k' ( A )  = adsorption c o e f f i c i e n t  including induced 

emission. 

and 

with L(X,p,T) = shape f a c t o r ,  

m 

L(A,p,T)dX = 1.0 J 
-a, 

191 

The shape of t h e  l i n e  is a func t ion  of p and T because Doppler broaden- 

ing  

( a  func t ion  of p and T) and T . 
depends on T , while S tark  -' ,16 broadening depends on e l ec t ron  density 

There are two ways of obtaining L(A,p,T) : i f  p,T are 

known, toge ther  with t h e  re levant  S ta rk  broadening parameters, L(X ,p ,'f) 

can be computed: 

a wavelength. 

t h i s  must be done when the  l i n e  i s  s l i t - i n t e g r a t e d  over 

I f  t h e  spectrograph s l i t -wid th  is  s m a l l  compared t o  t h e  f u l l  

halfwidth of t h e  l i n e ,  and t h e  photometric de t ec to r  is absolu te ly  ca l ib ra t ed ,  

and t h e  instrumental  p r o f i l e  is known,'then 

t h e  observed l i n e  p r o f i l e ;  

L(A,p,T) can be recovered from 

The la t ter  method is usua l ly  the  less tedious. 
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To compute L( h,p ,T) w e  c a l c u l a t e  t h e  Doppler ( f u l l )  

halfwidth 

where M = m a s s  of atom 

Xo = wavelength a t  l i n e  center .  

Assuming t h a t  t he  S tark  impact (e lec t ron)  broadening parameter, w ., 

and ion  (quas i - s ta t ic )  broadening parameter, 

t he  t o t a l  ( f u l l )  S ta rk  halfwidth i s  

a , of t h e  l i n e  are known, 

computed : 7,16 

AhS = 2{1 -I- 1.75a( l  - 0.75R)) w Ne 

3 1 / 3  2 where 

= mean d i s t ance  between ions/Debye rad ius  . 

W e  assume AhD and AhS are t h e  only s i g n i f i c a n t  components of t h e  t o t a l  

l i n e  width: 

i n  t h e  plasma, while t h e  n a t u r a l  broadening and van der  Waals broadening are 

instrumental  broadening has nothing t o  do with r a d i a t i v e  t r a n s f e r  

usua l ly  n e g l i g i b l e  i n  labora tory  plasmas. 

Doppler broadened l i n e  has a Gaussian shape, 

d i s t r i b u t i o n  i n  a S tark  broadened l i n e  has a Lorentzian (dispersion) shape, 

L(X) . When both types of broading are present i n  a l i n e ,  t h e  i n t e n s i t y  

d i s t r i b u t i o n  w i l l  have t h e  shape of a Voigt p r o f i l e ,  

The i n t e n s i t y  d i s t r i b u t i o n  i7 a 

G(A) , while t h e  i n t e n s i t y  

63 

V(h,n) 
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u where TI = a func t ion  of - 

Davies and V a ~ g h a n ~ ~  have tabula ted  numerical so lu t ions  t o  t h e  convolution 

i n t e g r a l  of eqn. [14].  With s u i t a b l e  normalization (cf eqn. [ll]) V ( h , q )  

becomes L(A,p,T) . Because L(h,p,T) i s  a complicated funct ion,  t he  

i n t e g r a l  ImIhdA (c f .  eqn. [8]) must e i t h e r  be approximated by a summation 
-03 

o r  else L(A,p,T) can b e  f i t t e d  t o  a polynomial i n  A . 
When a l i n e  of non-negligible o p t i c a l  depth i s  recorded with 

sl i ts  much narrower than t h e  l i n e  f u l l  halfwidth (i.e. when t h e  reco'rded 

p r o f i l e  i s  no t  s e r ious ly  d i s t o r t e d  by instrumental  broadening), t he  t rans-  

i t i o n  p robab i l i t y  can o f t e n  be  obtained i n  a d i r e c t  and simple way. For 

example, suppose t h e  p r o f i l e  of H has been photographically recorded i n  

absolu te  i n t e n s i t y  using 1.OA spectrograph s l i ts ,  and t h a t  pressure and 

temperature are known. I f  t he  halfwidth of H i s  20A , then the  i n t e n s i t y  

w i l l  vary only s l i g h t l y  wi th in  any 1 A  wide segment of t h e  p r o f i l e ,  

and i s  w e l l  approximated by its average, I~ , over x ?.  AX/^ . Since T 

is  known, B (T) is a l s o  known. Subs t i tu t ion  i n t o  eqn. [8] gives:  

B 
0 

0 

B 
0 

Ah , 
c\r 

c\r 

h 

Since the  r i g h t  hand s i d e  of t h i s  equation is  known, w e  can simply re- 

cons t ruc t  t he  f i c t i t i o u s  i n t e n s i t y  segment 

none of t he  photons emit ted i n  the  plasma were reabsorbed: 

QO 
IA t h a t  would be obtai-ed i f  
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f b ' L  'LO ' L ' L  I / B  (T) = 0.1 , then I f  

then IA /I = 1.21 . Applying eqn. [16] piecewise t o  span t h e  e n t i r e  

l i n e  p r o f i l e ,  one obta ins  

IA /IA = 1.01 , and i f  I /B  (T) = 0.5 , A X  A X  
'Lo 'L 

x 

which i s  s u b s t i t u t e d  i n t o  eqn. [I] t o  f ind  A . mn 

While t h i s  cumbersome procedure w a s  not required t o  determine 

t A-values i n  the  cu r ren t  work , it w a s  employed with 2 l i n e s  of kno? 

A-value, Ha and N e 1  A5852 , f o r  purposes of plasma diagnosis.  We now 

show predic t ions  f o r  t h e  absolu te  in t eg ra t ed  i n t e n s i t y  of an o p t i c a l l y  th i ck  

c e n t r a l  po r t ion  of H as a func t ion  of temperature: these  are la te r  used 

( c f .  Chapter VI) not only t o  estimate plasma temperatures but a l s o  t o  

a 

perform ( i n  conjunction wi th  a r e v e r s a l  f l a s h  lamp) -- i n - s i t u  absolu te  in- 

t e n s i t y  c a l i b r a t i o n s  and photomultiplier l i n e a r i t y  checks. 

G r i e m ,  Kolb and Shen 56 ca lcu la ted  t h e  shape of H as a function 
c1 

of e l ec t ron  dens i ty  and temperature with a r e l i a b i l i t y  G r i e m  estimates as 

20%. For a plasma of known composition, then, w e  know L(A,p,T) . I f  the  

thickness and pressure  of t h e  plasma are also known, t h e  absolute i n t e n s i t y  

passing through 2A wide entrance sl i ts  centered on 6562.8A becomes a unique 

func t ion  of temperature. 

t e n s i t y  can be  w e l l  approximated by: 

0 0 

Using wavelength segments Ah = . 2 1  , t h i s  in- 
i 

'L 

1 A x  
-k' ( A )  R L O A  

0 -1 .01 

'L 
IX(T)dA - Bx (TI 1 [l - e 

-1.01 

'The b r i g h t  l i n e s  w e  s tud ied  t h a t  w e r e  e s s e n t i a l l y  in t eg ra t ed  by 11 wide slits 
w e r e  i o n  l i n e s ;  i f  such l i n e s  w e r e  seen t o  requi re  s i g n i f i c a n t  o p t i c a l  depth 
co r rec t ions ,  w e  reduced plasma temperatures. Since ion  l i n e  population d e n s i t i e s  
are very s e n s i t i v e  t o  T , a s l i g h t  drop (5-10%) i n  T would reduce l i n e  bright- 
ness d r a s t i c a l l y ,  obvia t ing  t h e  need f o r  o p t i c a l  depth cor rec t ion .  
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SLIT WIDTH, WS = 2.00 ; ABSOLUTE PRESSURE = 9 . 0 ~  IO6 dyne cm-2 

a. Initial Concentration -%CH, I +i%CS, + 9 9 %  Neon 2 
b. Initial Concentration I % CH, + 9 9 %  Neon 

1-Error Bar Due to 
- Uncertainty in the 

Shape Function 
60 L,(Ne) of H,. 

/ 

L 

I 
11.2 c T X lO'"K+ 

Fig. 4 :  Absolute I n t e n s i t y  of t he  Central  Por t ion  of Ha as a Function 

of Plasma Temperature. 
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where 2' ( A )  = t h e  average value of k' ( A )  wi th in  t h e  

wavelength i n t e r v a l  A + 0.d . - 

1.08 
I n  Fig. 4 w e  p l o t  I IA(T)dA as a func t ion  of T f o r  two plasmas 

-1. O i  
t of d i f f e r e n t  composition . A l s o  shown is BA (T)x2.0; . The i n t e n s i t y  

0 

scale of t he  o rd ina te  is  normalized t o  the  absolu te  i n t e n s i t y  of a carbon 

arc a t  6562.81 , BA (3,800°K)x2.01 . The vertical e r r o r  ba r s ,  t y p i c a l l y  
0 

- +8%, represent  t h e  uncer ta in ty  propogated i n t o  these  o p t i c a l l y  thick., p a r t i a l l y  
1.01 

i n t eg ra t ed ,  l i n e  i n t e n s i t i e s .  Both I IA(T)dX curves wotald be s teeper  
-1.01 

between 9,000 - 10,000'K were i t  not f o r  t h e  ion iza t ion  of C I  and S I  

which causes 

1" L(A,p,T)dh 
--a, 

t o  decrease rap id ly  i n  t h i s  temperature region. 

D. U t i l i z a t i o n  of Absolute I n t e n s i t y  Standards 

i n  A-Value Determinations 

using a thermal l i g h t  source requi res  observation *mn To measure 

of a t  least 3 va r i ab le s :  two t o  f i n d  t h e  thermodynamic s ta te  of t h e  source 

and an add i t iona l  one t o  convey t h e  required intra-atomic information, 

This l as t  v a r i a b l e  is not t he  in t eg ra t ed  l i n e  i n t e n s i t y  I of eqn. [l], 

Amz . 

bu t  is r a t h e r  a r a t i o  of I t o  some standard i n t e n s i t y  Is . Only because 

I is known absolu te ly  ( i n  e rgs  cm-2s-1sterad ) is measurement of I 
-1 

S 
. .  

'As ind ica ted  i n  the  f i g u r e ,  t h e  curves a c t u a l l y  p lo t t ed  include a s m a l l  (~1%) 
cor rec t ion  f o r  t h e  f i n i t e  i n t e n s i t y  of t h e  underlying continuum, 

I con t  . 5 s ( N e ) *  , where s i s  an approximate, experimentally determined, constant. 
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poss ib le :  

mission of t h e  o p t i c a l  t r a i n  cannot be  q u a n t i t a t i v e l y  predicted from 

f i r s t  p r inc ip l e s .  

s e n s i t i v i t y  of de t ec to r s ,  spectrograph e f f i c i ency  and trans- 

The sources f o r  Is belong t o  two classes. Either:  

I = B ~ ( T )  --- with T p rec i se ly  known 
S 

o r  

hc  S Is = -  4rA R Am Nm(P,T> --- with A: , R, p ,  T and 

plasma composition p rec i se ly  

known. 

To t h e  f i r s t  c l a s s  belongs labora tory  standards such as the  DC 

carbon arc anode (where T is f ixed  by sublimation temperature of e l e c t r o l y i c  

carbon) and the  tungsten fi lament lamp (where T is  f ixed  by very s e n s i t i v e  

cur ren t  r egu la t ion ) .  It a l s o  includes those por t ions  of s p e c t r a l  l i n e s  

where mean o p t i c a l  depths exceed 3 ,  i . e . ,  

where w s  = bandpass of system, and where T i s  p rec i se ly  known. 

The most no tab le  examples of t he  second class (" in te rna l  standards") 

are the  B a l m e r  l ines  of hydrogen, where AS 

For use as i n t e r n a l  s tandards ,  o p t i c a l l y  t h i n  l i n e s  of known s t r eng th  o f f e r  

the  advantages of c a l i b r a t i o n  along t h e  i d e n t i c a l  o p t i c a l  path,  on t h e  s a m e  

is  known t o  be b e t t e r  than 2 1%. m 

t i m e  scale, and a t  roughly t h e  s a m e  s i g n a l  level as the  l i n e  i n t e n s i t i e s  of 



30 

i n t e r e s t .  

temperature--the absolu te  re ference  standard i s  then not  r e a l l y  t h e  precise 

as one would l i k e ,  bu t  r a t h e r  an assortment of less p rec i se  Amn 3 

q u a n t i t i e s  en te r ing  i n t o  t h e  measured source temperature. 

T h e i r  g rea t  disadvantage is a Maxwell-Boltzmann dependence on 

S 

The majority of emission s t u d i e s  have r e l i e d  on labora tory  

s tandards ,  tu rn ing  t o  o p t i c a l l y  t h i n  plasma l i n e s  (e.g. HB 

Dohertyg o r  o p t i c a l l y  t h i c k  plasma l i n e s  (e.g., Lyman (x used by L i n ~ k e ~ ~ )  

only when labora tory  standards were unavailable.  

used by 

2 

We w i l l  have important reasons t o  d i s t ingu i sh  between A-values 

re ly ing  on these  two d i f f e r e n t  classes of absolu te  i n t e n s i t y  c a l i b r a t i o n .  

W e  t he re fo re  introduce t h e  following nota t ions  and terminology. When the  

carbon arc i s  t h e  photometric standard; 

A E E A  = - x47r - I x BA(3,80O0K) 
mn hcR Nm Is 

AE = "the emission A-value , I '  o r  "the conventional r e s u l t  .'I 

and when the  A-value of H i s  t h e  photometric standard; 6 

ARH = "the A-value from trans-species r e l a t i v e  

i n t e n s i t y  measurement . 'I 
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E. Influence of Spectrograph S l i t  Widths on 

Accuracy of A-Value Determinations 

The s e l e c t i o n  of t h e  spectrograph s l i t  width w i l l  o f t en  d i r e c t l y  

30 a f f e c t  t he  accuracy of measured A-values. The optimal choice usua l ly  in- 

volves a compromise between mutually incompatible objec t ives .  When l i n e s  

are recorded with s l i ts  which e s s e n t i a l l y  i n t e g r a t e  the  t o t a l  l i n e  i n t e n s i t y ,  

measurement of I/Is r e a l l y  c o n s i s t s  of four  plasma observations: 

T T 

where 

as before 
I = t h e  in t eg ra t ed  l i n e  i n t e n s i t y  

I = t he  standard i n t e n s i t y  
S 

and the  four  d i r e c t l y  observed q u a n t i t i e s  are, 

= t he  in t eg ra t ed  l i n e  p l u s  l o c a l  background IL+B 
(continuum) i n t e n s i t y  

IB = t h e  in t eg ra t ed  l o c a l  background, i . e . ,  t h e  

l o c a l  continuum i n t e n s i t y  

c a l i b r a t i o n  i n t e n s i t y  f o r  t h e  line-plus-background 

monitoring channel 

= 
L+B IS 

= c a l i b r a t i o n  i n t e n s i t y  f o r  t h e  background monitor- 
B S 

I 

i n g  channel. 

That is ,  t h e  e l e c t r o n  d e n s i t i e s  i n  thermal l i g h t  sources produce non- 

n e g l i g i b l e  continuum i n t e n s i t i e s ,  s o  t h a t  t he  absolu te  in tegra ted  i n t e n s i t y  

I of eqn. [l] is  obtained by a d i f f e rence  measurement between two r a t i o s  
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of observed intensities. To obtain ARH of eqn. [19] requires the 

additional difference measurement, as well. 
% I -  IHB L-B 

For fixed source conditions, increasing the slit width, ws , will 
decrease the ratio \+B/% . 
ratio will go to unity). 

Rl,tB - , it is desirable to keep ws small. 

(In the limit of infinitely wide slits, this 

So to avoid a critical difference measurement for 

However, unless WS is considerably greater than the lines' 

full halfwidth, 

some of the uncertainty in the line's broadening parameters. 

A, , wing corrections will impart to the measured A-value 
That is, the 

5 

line's broadening parameters must be used to calculate the fraction of the 

total line intensity falling outside the measured bandpass. 

shape is Lorentzian (Stark broadened), for example, this fraction 

If the line 

is66: 

ws - -  
2 

from which it is seen that the uncertainty in 

as ws decreases. 

A x s  becomes more crucial 

Choice of spectrograph slit width involves a second pair of 
.f. conflicting objectives.' Wide slits favor improved signal-to-noise 

ratios; however, wide slits also favor inclusion of interfering spectral 

features within IL+B and IB . 

'In photographic recording the source of noise is the emulsion grain; in 
photoelectric recording it is random fluctuations in the emi'ssion of electrons 
from the photocathode. 



CHAPTER 111 

METHOD OF THERMALLY INSENSITIVE BALANCING 

A. Introduction 

Small errors in the temperature ascribed to a light source can easily 

undermine the reliability of transition probabilities obtained using 

thermal excitation. 

a particularly critical dependence on temperature because excitation 

energies typically exceed mean thermal energies by a factqr of 10. 

For lines in the visible spectrum, experiments involving 

The excited state populations of light elements have 

observation of refractive indices (hook method) will be only slightly 

less vulnerable to thermal errors than those involving observation of 

absolute line intensities (emission method) since energies of upper and 

lower states differ by only 2 eV. 

Since the development of radiative decay experiments has not 

diminished the importance of thermal sources for the study of astro- 

physically interesting lines in the visual spectrum, we wish to point 

out that these sources have not traditionally been employed to fullest 

advantage. We have, in fact, found means for overcoming the persistent 

problem posed by the thermal sensitivity of many light elements and 

their ions. 

Section & is devoted to a brief conceptual outline of the new 

thermally insensitive approach, making . .  it clear at the outset that its use 

does not require any basic innovations in established laboratory technique. 

33 
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Section G follows in detail the application of the thermally 

insensitive method to a particular CI line in a given shock tube plasma, 

and quantitative predictions are compared with results of the current 

experiment. Several features common to any application of the method 

will emerge at this time. 

Section 2 enlarges upon the general applicability of thermally 

insensitive procedures, drawing examples from the present shock tube 

studies of CI , SI , SI1 , Si11 , PI1 , and ARII . 
Section E offers guidelines for extrapolating the method for use 

in a wide variety of sources, and to various temperature and wavelength 

domains. 

B. Conceptual Outline of the New Methods 

The experimental approach described here will often lift the 

strong implicit thermal dependence from measured A-values. It consists 

in simultaneously and independently performing a pair of customary A-value 

measurements the sum of whose results contain no net thermal dependence. 

That is, the pair of measurements is selected in a way which insures mutual 

cancellation of any thermal error propagated into the two independent 

results. 

In a thermal light source, excited atomic states are populated in 

This imparts to emission lines accordance with Saha-Boltzmann equilibrium. 

a strong thermal dependence which cannot be circumvented while the plasma 

is in LTE . 
Our method utilizes the differences between thermal dependences 

of various lines in multicomponent plaskas. 
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Some few s p e c t r a l  l i n e s ,  such as the  B a l m e r  series of 

hydrogen, have p r e c i s e l y  known A-values. I n  multicomponent plasmas of 

known temperature and composition, t h e i r  known A-values serve  as absolu te  

standards f o r  A-values deduced by trans-species r e l a t i v e  i n t e n s i t y  

measurements (c f .  eqn.[19]).  I n  such a measurement t h e  in tegra ted  i n t e n s i t y  

of HB 

emission measurement (c f .  eqn.[18]). 

is  used f o r  t h e  s a m e  purpose as t h e  carbon arc i s  i n  t h e  t r a d i t i o n a l  

While both methods of determining an A-value are equivalent i n  

p r i n c i p l e ,  r e s u l t s  from t h e  two methods have e n t i r e l y  d i f f e r e n t  dependence 

on source temperature. When t h e  carbon a r c  i s  t h e  absolu te  c a l i b r a t i o n  

standard,  t h e  absolu te  emission A-value, AE , derived from an observed l i n e  

i n t e n s i t y  i s  

but  when H is  t h e  absolu te  c a l i b r a t i o n  standard; 
B 

I f  EHB > E , as i s  t h e  case f o r  most n e u t r a l  l i n e s ,  AE and ARH w i l l  

have thermal dependence of oppos i te  sign. I f  EH 2 2E , t h e  thermal 

dependencies of AE and ARH w i l l  be not  only opposite i n  s ign  but a l s o  

equal i n  magnitude, so t h a t  t h e  sum (or average) of these  two independent 

determinations w i l l  have zero thermal dependence. 

W e  r e f e r  t o  t h e  combining of independent r e s u l t s  f o r  purposes 

of reducing(or e l imina t ing)  t h e i r  j o i n t  thermal dependence as "thermally 

i n s e n s i t i v e  balancing" o r  T I B  . 
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C. Introductory TIB Example: The Line CI A50521 

The neutral carbon line CI ~5052, (3s  - 4p), has an excitation 

energy of 10.09 ev. It is now singled out for special attention because 

it is the most easily observed isolated line in the visible CI spectrum. 

The left side of Fig. 5 gives excieed state population densities 

as functions of temperature for some prominent lines in a shock tube 

plasma. Slopes in this semi-logarithmic representation are roughly 

proportional to excitation energies, as one would expect from Boltzmann 

equilibrium. The convexity of the curves is due to ionization of neutrals 

and, to a lesser degree, the inverse relationship between temperature and 

number density for the assumed condition of constant pressure. 

state densities for all five lines increase with temperature from 9,600'K 

to 12,400°K. 

Excited 

However, one can select pairs of these lines to give ratios of 

population densities which decrease with temperature throughout this 

2,800°K range. 

In particular, compare the slope of 

of N5052CI/NH8 or the right. At 11,000'K these slopes have equal 

magnitude but opposite sign, i.e. 

Three such pairs are shown in the right half of Fig. 5 . 
N5052CI on the left with the slope 

? , -  N5052CI a In a - -  
In N5052CI ;= aT NH6 aT 

Substitution from eqn. [18] and eqn. [19] gives: 

1 aAEc 1 = -- 
aT ARHc aT % 
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o r  

a A(T1B) = 0 
C 

where 

AEc = A-value of C I  A5052 measured i n  absolu te  emission 

B 
ARHc = A-value of C I  A5052 measured relative t o  H 

A(TIB)C f g(AEC + ARHc) 
A(TIB)C i s  t h e  adoptedt r e s u l t  f o r  t h e  measurement of C I  X5052. 

A q u a n t i t a t i v e  desc r ip t ion  of how thermal e r r o r  propagates 

i n t o  t h e  various r e s u l t s  

Fig. 6 . I n  t h i s  f i g u r e  T is  t h e  measured (or assumed) temperature and 

AEC , ARHc , and A(TIB)C , i s  given i n  

T = l l , O O O " K  is  t h e  t r u e  source temperature. The ord ina te ,  

A(T)/A(To), is t h e  t r a n s i t i o n  p robab i l i t y  obtained using t h e  measured 

temperature normalized aga ins t  i t s  value when the  t r u e  source tempera- 

0 

t u r e  i s  used: i .e.,  A(T)/A(To) 

r e s u l t s  by t h e  e r r o r s  (T-To) i n  assumed source temperature. 

i s  t h e  r e l a t i v e  e r r o r  propagated i n t o  

The equations given a t  t h e  top of t h e  f i g u r e  can be used i n  

conjunction wi th  Fig. 5 t o  extend t h e  range of t h e  display. For 

NC = N5052CI * 
compactness w e  use 

tAlgebraically,  of course, one f inds  A(TIB)C = +EC = ARHc = an atomic 
constant.  What concerns us here  are t h e  inequa l i t i e s :  

a a a - aT A(TIB)c $. E AEc .I: ARHc 0.0 

which are p e r t i n e n t  f o r  computing t h e  e r r o r  propagated i n t o  measured A- 
values as t h e  r e s u l t  of imperfect temperature determinations. 
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To=lI,00OoK; PRESSURE=9.0x1O6dyne cm-2; TEST GAS;i%CH4+~%CS2+99% I NEON 

T x 10' OK - 
Fig. 6: Relative Thermal Error Propagation in A-Value 

of CI A5052 Measured Three Ways: AEc 

(Absolute Emission), ARH (Trans-Species 

Relative to 

(Thermally Insensitive Method). 

C 
H ) and %[AEc + ARH 1 B C 
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If the measured (assumed) temperature is 10,500'K 

( -5% error), or is 11,500"K ( +5% error), then the conventional 

result, AEc will err by +40% and -24%, respectively. In marked 

contrast, these temperature errors cause 

and +2%, respectively. 

A(TIB)C to err by only +9% 

The range of possible errors for the two results is also 

strikingly different: 

while : 

so E error in source temperature can cause 

high side, i.e., using 

probability. 

k(TIB)C to err only on the 

k(TIB)C one cannot underestimate the true transition 

This figure also shows that the TIB method makes less critical, 

but does not eliminate, the need for reliable temperature determinations. 

While AA(TIB)c/A(TIB)c ,< AT/T for IT-ToI/To 6 3% , the error in 
A(T1B) does get large when IT-To1 gets large since an exponentially 

increasing term will dominate over an exponentially decreasing term in 
C 

a sum of the two. 

Figure 7 applies the error analysis of Fig. 6 to a pair of 

hypothetical experiments. 

is 11,00O0K, while the hypothetical temperature data (at the top of the 

figure) form symmetrical distributions. These distributions average 3% 

In both experiments the true source temperature 
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(on the  l e f t )  and 3% too low i n  Case I1 (on the  too high i n  Case I 

r i g h t ) .  These syn the t i c  d a t a  and Fig. 6 are used t o  cons t ruc t  

d i s t r i b u t i o n s  of relative (thermal) e r r o r  i n  t h e  hypothe t ica l  r e s u l t s  

AE , ARH and A(TIB)c  . An experiment conducted i n  t h e  usual way 

measures e i t h e r  AEc o_r ARH , bu t  not both,  so  one would be unaware 

of t he  s h i f t s  (systematic e r r o r )  i n  t h e  averages of t h e  

ARH (T)/ARH (T ) d i s t r i b u t i o n s  r e s u l t i n g  from t h e  average e r r o r s  &/T 

The d i s t r i b u t i o n s  themselves g ive  no c lue  of s h i f t s  s i n c e  they have 

s u f f i c i e n t  symmetry t o  pass f o r  Gaussians. I f  these  d i s t r i b u t i o n s  were 

t r e a t e d  t o  standard s ta t is t ical  ana lys i s ,  RMS deviations of 5% t o  10% 

C C 

C 

AEC(T)/AEC(To) o r  

= + 3%. C c o  0 -  

would be taken as t h e  uncer ta in ty  i n  t h e  averages of 

and Amc d i s t r i b u t i o n s .  Such to le rances  are 2 t o  4 

t h e  real (repeatable) & 20% e r r o r s  i n  r e s u l t s  coming 

t h e  various AEc 

t i m e s  smaller than 

from t h e  - + 3% 
4. 

systematic e r r o r s  i n  t h e  syn the t i c  temperature d i s t r i b u t i o n ' .  

Evaluation of r e l a t i v e  thermal e r r o r  i n  t h e  T I B  r e s u l t s ,  

[AE ( T I  + ARHc(T)]/[AEc(To) + ARHc(To)] 

t he  highly skewed d i s t r i b u t i o n s  a t  t h e  bottom of the  f igu re .  

reduced scatter i n  these  d i s t r i b u t i o n s  and t h e i r  abrupt cut-offs f o r  

values are c h a r a c t e r i s t i c  of T I B  r e s u l t s .  

The t i g h t e r  grouping of r e s u l t s  i s  expected from t h e  reduced s e n s i t i v i t y  

t o  thermal e r r o r s  of 

expected from t h e  e s s e n t i a l l y  parabol ic  shape of 

as a func t ion  of assumed temperature ( c f .  Fig. 6 ): 

minimum i n  t h i s  curve f a l l s  at 

rests on t h e  i n t e r p r e t a t i o n  of 
C 

Both t h e  

A(TIB)c(T) < A(TIB) (T ) c o  

A(TIB)c . The skewness of t h e  d i s t r i b u t i o n s  is  

A(TIB)c(T) /A(TIB) (To) 

f o r  cases where the  

T = To , w e  i d e n t i f y  t h e  cu t  off value 

i n  t h e  d i s t r i b u t i o n  of T I B  r e s u l t s  (which should . .  

'This s i t u a t i o n  is reminiscent of t h e  l i t e r a t u r e  
agreements between authors are frequently f a r  i n  

a l s o  coincide with 

on l i n e  strengths,where dis- 
excess of claimed tolsrances.  
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d i s t r i b u t i o d s p e a k )  as t h e  r e s u l t  obtained by use of t h e  t r u e  source 

temperature. Hence, even t h e  reduced scatter i n  T I B  r e s u l t s  

does not  cont r ibu te  s i g n i f i c a n t  uncer ta in ty  t o  t h e  adopted experi- 

mental value. 

Given t h i s  i n t e r p r e t a t i o n ,  t h e  r e s u l t s  f o r  A(TIB)c i n  both of 

these  hypothe t ica l  experiments are seen t o  be s h i f t e d  less than -1% by 

( r e l a t i v e )  temperature e r r o r s  of 5 3%. 

i n  e r r o r  compared t o  t h e  conventional (AE ) r e s u l t s .  

This i s  a twenty-fold reduction 

C 

While t h e  T I B  method is  intended primarily t o  minimize propa- 

ga t ion  of thermal e r r o r s ,  t he re  are add i t iona l  reasons f o r  prefer r ing  

it over a conventional emission (AE) measurement. A T IB . re su l t  has 

only one ha l f  of an AE 

t o t a l  number dens i ty) .  

an AE r e s u l t ,  having l i n e a r  dependence on pressure ,  with an ARH 

r e s u l t ,  having e s s e n t i a l l y  no dependence on pressure.  Furthermore, 

t he  T I B  r e s u l t  d i l u t e s  by one ha l f  t h e  l i n e a r  dependence of AE upon 

absolu te  i n t e n s i t y  ca l ib ra t ions .  That is ,  ARH measurement requi res  

photometric de t ec to r s  t o  be ca l ib ra t ed  f o r  change i n  s e n s i t i v i t y  with 

wavelength. So long as H and the  l i n e  s tud ied  are separated by only 

a few hundred Angstroms, t h e  relative ca l ib ra t ions  should have neg l ig ib l e  

e r r o r  compared t o  t h e  absolu te  i n t e n s i t y  c a l i b r a t i o n  required by the  

measurement. With respec t  t o  A-values measured t h e  usual (AE) way, t he  

T I B  procedure thus halves dependence on two o ther  s i g n i f i c a n t  sources of 

e r r o r .  

r e s u l t ' s  dependence on absolu te  pressure (or  

This is  because a T I B  r e s u l t  is  the  average of 

B 
0 

AE 

The r e s u l t s  AEc , ARHc and A(TIB)c from 44  experimental runs 

using our conventional shock tube are presented i n  Fig. 8 . To insure  

the  f u l l e s t  degree of independence between BEc and ARHc , t he  absolute 
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FOR EACH OF THESE 44 SHOTS AECAND ARHCARE DETERMINED 
SIMULTANEOUSLY AND INDEPENDENTLY. 

ARH, 6r 

(AVERAGE 

A,, xl0' SEC" 

I 
E3 u 
2.2 2.4 

Fig. 8: Current Results for the Transition Probability of CI h5052: 

2 Data From First-Reflected Shocks Using 1%CH4 or %% CH4 + $% CS 

Additives. 
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i n t eg ra t ed  i n t e n s i t y  of C I  A5052 w a s  recorded pho toe lec t r i ca l ly  

while t h e  r a t i o  of t h e  in t eg ra t ed  i n t e n s i t y  of C I  A5052 r e l a t i v e  

t o  H w a s  recorded photographically. B 

W e  include i n  t h i s  f i g u r e  a fou r th  d i s t r i b u t i o n  which i s  the  

sum of t h e  AEc and Amc d i s t r i b u t i o n s :  t h i s  i s  t o  emphasize t h a t  

t h e  combined r e s u l t s  of two independent experiments, one using AE 
C 

and t h e  o the r  using ARH , w i l l  not be as p rec i se  as A(T1B) r e s u l t s  which 

u t i l i z e  on a run-by-run b a s i s ,  t h e  r e l a t ionsh ip  between t h e  thermal 

dependeiices of AE and ARHc . 

C C 

c -  

W e  draw a t t e n t i o n  t o  several f ea tu res  i n  t h i s  d i sp lay .  Sca t t e r  

i n  the  cu r ren t  T I B  r e s u l t s  is  considerably less than i n  e i t h e r  t he  

cur ren t  AE o r  ARHc r e s u l t s .  The d i s t r i b u t i o n  of t h e  cur ren t  AE 

r e s u l t s  is skewed with respec t  t o  t h e  d i s t r i b u t i o n  of ARHc r e s u l t s .  

The shape of t h e  d i s t r i b u t i o n  of cur ren t  

resemble t h a t  f o r  T I B  r e s u l t s  i n  t h e  hypothe t ica l  experiments of Fig. 7 : 

moreover, t h e  reduction i n  scatter of cur ren t  T I B  r e s u l t s  r e l a t i v e  t o  

o r  ARH r e s u l t s  i s  not  as pronounced as i n  t h e  corresponding d i s t r i b u t i o n s  

of Fig. 7 . W e  comment on each of these  (four) observations i n  turn .  

C C 

T I B  r e s u l t s  does not c lose ly  

AE 
C 

C 

The scatter i n  t h e  cur ren t  T I B  r e s u l t s  is expected t o  be less 

than f o r  AE o r  ARH r e s u l t s  because our measured temperatures contain 

random e r r o r .  Even though w e  average four independent temperature 

(c f .  Chapter VI) determinations,  w e  s t i l l  are s t i l l  l e f t  with a 1% - 1.5% scatter 

i n  our b e s t  estimated temperatures. 

i n  temperature should produce roughly a 7% - 12% s c a t t e r  i n  AEc and 

ARH bu t  not more than 1% s c a t t e r  i n  A(TIB) . Returning t o  Fig. 8 w e  

f i n d  the  spreads i n  t h e  various d i s t r i b u t i o n s  do conform quan t i t a t ive ly  

t o  these  e r r o r  estimates: F ? S  scatter i n  AEc and ARH is 

C C 

According t o  Fig. 6 such a s c a t t e r  

C C 

C 
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about 15% as opposed t o  7% f o r  t h e  T I B  r e s u l t s ,  i . e .  8% grea te r .  

The cu r ren t  r e s u l t s  show a 10% discrepancy between t h e  

averages of t h e  AE and ARH d i s t r i b u t i o n s .  I f  repea tab le  e r r o r s  

i n  temperature w e r e  t h e  s o l e  source of systematic e r r o r ,  then t h i s  

discrepancy could be ascribed ( c f .  Fig.6 ) t o  temperatures cons is ten t ly  

measured 1% too low. However, o ther  systematic e r r o r s ,  p a r t i c u l a r l y  i n  

C C 

photometry, (c f .  Chapter VI), could be wholly o r  p a r t i a l l y  responsible 

f o r  t h i s  discrepancy. I n  e i t h e r  case, T I B  provides t h e  most reasonable 

measurement: i f  t h e  e r r o r  source i s  temperature, then T I B  insures  t h a t  

r e s u l t s  w i l l  be a f f ec t ed  not more than 1%; i f  t h e  e r r o r  is  i n  some un- 

spec i f i ed  va r i ab le ,  T I B  has t h e  advantage t h a t  i t  averages two independent 

r e s u l t s  each r e ly ing  on measured va r i ab le s  i n  a d i f f e r e n t  way. 

There are two reasons why t h e  cur ren t  T I B  r e s u l t s  do not cu t  off 

While abrupt ly  f o r  values less than those where t h e  d i s t r i b u t i o n  peaks. 

r e s u l t s  of t he  hypothe t ica l  experiments of Fig. 7 

e r r o r s  i n  source temperature, and were a l l  gathered i n  the  v i c i n i t y  of a 

s i n g l e  source temperature, ll,OOO°K, and a t  a constant source pressure,  

t he  cur ren t  r e s u l t s  are influenced by a v a r i e t y  of e r r o r s  (c f .  Chapters 

VI 

and a range of pressures varying by a f a c t o r  of 4 .  

e r r o r  

r e s u l t s  of Fig. 7 

A(TIB)c(T) < A(TIB)c(To) . 
f o r  d i f f e r e n t  combinations of source pressure  and temperature 

f ami l i e s  of Ac(TIB) 

shown i n  Fig. 6 . 
experiments, such as those i n  Fig. 7 

are subjec t  only t o  
11 11 

and VI I ) ,  and d a t a  w e r e  taken over a 2,500°K range of temperatures 

Each source of random 

superimposes i t s  own Gaussian d i s t r i b u t i o n  onto t h e  idea l ized  

, causing them both t o  broaden and take  on values f o r  

As w i l l  be demonstrated i n  t h e  next s ec t ion ,  

one obta ins  

curves s i m i l a r  to, but varying i n  d e t a i l  from, t h a t  

For t h i s  reason one expects t h a t  even the  idea l ized  

, w i l l  give r e s u l t s  as low as 
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A(TIB)c(T) = .92A(TIB) (T ) 

source conditions. 

if conducted over equally wide ranges of c o  

The current experiment is not typical in that temperatures 

were simultaneously measured four independent ways whereas one temperature 

determination is usually made to suffice. 

CI A5052 , was s o  faint that photometric noise limited integrated intensity 

precisions to 10% - 20%, so scatter, introduced into AEc and ARHc by 

random photometric errors is as great as scatter originating in random 

temperature errors. 

will influence results of a typical experiment, we deduce a new set of 

A-values from the same data used for Fig. 8 

temperature, T Ne1 A5852 

rather than the average of four temperatures,as previously. This set of 

results is presented in Fig. 9 , where TIB is seen to affect approxi- 

mately a threefold reduction in scatter. 

Also the line studied, 

To present a more representative example of how TIB 

, only now we use the single 
, deduced from the integrated intensity of neon 

D. General Applicability of TIB to the 
Study of Light Elements 

So far, we have demonstrated the clear superiority of the TIB 

method for measuring a particular A-value, CI A5052 , using a shock tube 

plasma of prescribed temperature, pressure and composition. We now 

attempt to show that TIB 

be used to advantage in measuring the A-values of most light elements and 

is a general experimental technique that can 

their ions. In playing off the opposing thermal dependence of various 

spectral lines, the validity of TIB depends only on whether or not 

the plasma is in LTE . 
type of thermal source or confined to a particular pressure-temperature 

domain. 

The method is not restricted to any specific 
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. 9: Reduction in Scatter Due to TIB for an Experiment Employing 

a Single Means of Temperature Determination: 

Shown in Figure 8 Re-Evaluated Using 

Data for 37 Runs 

Rather Than neon T =I T 
+.T + T  + T  ) .  ‘(Tneon a B 

? = T =  
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TEST GAS: I%CH, +99% NEON 

Fig. 10: Dependence of Thermal Balancing, A(TIB)C = [AEC + ARHC] , 
Upon Absolute Plasma Pressure.  
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A(TIB),= 3 [AE,+ARH,] 

TRUE TEMPERATURE, To = I1,OOO O K  

ABSOLUTE PRESSURE, p = 9.0 X IO6 dyne cm-e 

INITIAL CONCENTRATIONS IN NEON: 
-%CH, I +i%CS, 
2 --- 2%CH, 

-*.- I%CH, +*%At 

Tx1030K--, 

Fig ,  11: Dependence of Thermal Balancing on Concentration of 

Spectroscopic Additive G a s .  
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Our arguments concerning t h e  general  a p p l i c a b i l i t y  of T I B  

w i l l  be i l l u s t r a t e d  wi th  concrete examples, most of which w e r e  en- 

countered i n  t h e  present  shock tube s t u d i e s  of t h e  l i g h t  elements. 

These are presented i n  t h e  following sequence: 

(1) The A-value of C I  A5052 i s  s tudied  by t h e  same 
T I B  
plasmas of va r i ed  pressure ,  composition and temperature. 

methods used i n  t h e  introductory example, but with 

( 2 )  The A-value of C I  A5052 is  s tud ied  using t h e  same 
plasma conditions as i n  t h e  in t roductory  example, bu t  a 
v a r i e t y  of T I B  techniques are employed. 

( 3 )  
w e  apply several T I B  techniques t o  measure t h e  A-value 
of S I  hA4695. 

Using t h e  same plasma as i n  t h e  introductory example, 

( 4 )  T I B  techniques are applied t o  t h e  measurement of 
P I 1  A5253 , and A R I I  A5593 . 
( 5 )  Fina l ly ,  t o  show where T I B  cannot improve upon 
s i m p l e r  methods, w e  d i scuss  t h e  measurement of S i 1  A5948 , 
S i 1 1  XA6347 and S I 1  A5453 . 
Figure 10 shows t h a t  t he  thermal s e n s i t i v i t y  of A(T1B) = 

C 

%[AE + ARH ] 

pressure.  (Since t h e  source temperature, To , i s  constant,  t h e  f ac to r  

of 3 change in absolu te  pressure  i s  equivalent t o  a f a c t o r  of 3 change 

changes l i t t l e  with f a c t o r  of 3 changes i n  absolu te  source 
C C 

i n  t o t a l  par t ic le  number dens i ty . )  Because t h e  ord ina te  i n  t h i s  graph 

is  drawn on an expanded scale, w e  see some d e t a i l s  t h a t  w e r e  not immediately 

apparent i n  Fig. 6 : t h e  minimum i n  A(TIB)c(T) does not always occur 

exac t ly  a t  T = To , and t h e  minimum value  of A ( T I B ) ~ ( T ) / A ( T I B ) ~ ( T ~ )  

can be  s l i g h t l y  less than uni ty .  

When source temperature and pressure  are held constant,  t he  

thermal dependence of A(TIB)c 

scopic a d d i t i v e  used i n  t h e  test gas,  as shown i n  Fig. 11 . 
gas composed of 1% CH 

is l i t t l e  changed by varying t h e  spectro- 

For the  t e s t  

and 98.5% neon,we include a r e l a t i v e  concentration 4 
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Fig. 12: Dependence of Thermal Balancing on True Source Temperature: 
Relative Thermal Sensitivity in A(T1B) = (AE+ARH) for 
CI A5052 and f o r  SIXA4695 at To = 10,OOO°K, 11,000"K 
and 12,000°K . 
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of .5% aluminum. The aluminum is included he re  t o  show t h a t  r ead i ly  

ionized impur i t ies  have only s m a l l  a f f e c t  on t h e  behavior of A(TIB) . 
C 

The top ha l f  of Fig. 12 shows how A(TIB)c(T) /A(TIB)c(To) 

v a r i e s  with T when absolu te  pressure  and plasma composition are 

f ixed .  Anywhere wi th in  t h e  depicted 2000°K range of temperature a 

r e l a t i v e  e r r o r  of 5 3% i n  source temperature w i l l  cause less than 5% 

0 

e r r o r  i n  t h e  measured A-value. On c lose r  s c ru t iny ,  t h e  f i g u r e  shows 

t h a t  t h e r e  is a p re fe r r ed  temperature range f o r  app l i ca t ion  of 

For To about midway between T = 11,000'K and T = 12,000'K A(T1B) 

w i l l  be  optimal i n  two ways: I 
wider range of T - T than elsewhere i n  t h e  f i g u r e ,  and, t h e  minimal 

va lue  of A(TIB)c(T)/A(TIB)c(To) w i l l  be 1.00, r a t h e r  than say, .95, 

so t h e r e  w i l l  be less ambiguity i n  i n t e r p r e t i n g  t h e  d i s t r i b u t i o n  of 

T I B  . 

0 0 
a 

A(TIB)c l  w i l l  remain s m a l l  over a 

0 

experimental r e s u l t s .  That i s ,  t h e  low end cut-off i n  t h e  d i s t r i b u t i o n  

of r e s u l t s  g ives  t h e  des i red  A-value prec ise ly .  

If A(TIB)c = %(AE + ARH ) does not give a des i red  i n s e n s i t i v i t y  
C C 

t o  e r r o r s  i n  temperature, t h e  exper imenta l i s t  may s t i l l  be ab le  t o  obta in  

thermally i n s e n s i t i v e  r e s u l t s  i n  one of two ways. I f  he has t h e  freedom 

t o  opera te  t h e  source over wide ranges of pressure  and temperature, he 

may be ab le  t o  t a i l o r  plasma conditions so  t h a t  

des i red  freedom from thermal e r r o r s .  However, w e  have seen t h a t  f o r  

A(TIB)c does have the  

source temperatures i n  neighborhood of 1 e V  (11,600°K), even q u i t e  d r a s t i c  

changes i n  pressure,  i n  type of add i t ive ,  o r  i n  temperature, have only a 

minor e f f e c t  on t h e  thermal s e n s i t i v i t y  of A(TIB) . This i s  because a t  

kT 2 1 e V  i t  is  Boltzmann equilibrium, r a t h e r  than  Saha equilibrium, which 

determines t h e  gross thermal dependence of C I  A5052 exci ted  s ta te  

population d e n s i t i e s .  So maneuvers t o  inf luence  E A ( T I B ) ~  by s h i f t i n g  

C 

a 
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TEST GAS: i%CH,+$%CS +99%NEON; PRESSURE=9.0xlO6dyne 

p I (AE, +ARH,) ---- - p I (AE, +ARNE,) 

--- z(ARB,+ I ARH,) ---------- I (2AE,+ARH, +ARNE,) 4 

AEC 
------- 

T x  IO3 OK- 

Fig. 13-A: Relative Thermal Sensitivity in the A-Value of CI A5052 

Measured Five Ways, at 10,000'K True Source Temperature (T >. 
0 
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2 I (AEc +ARHc 1 ----- 3 (AE, +ARNE, 
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Fig. 13-B: Relative Thermal Sensitivity in the A-Value of CI A5052 

Measured Five Ways, at 11,600'K True Source Temperature (T ) . 
0 
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Saha equilibrium w i l l  usua l ly  t a x  t h e  v e r s a t i l i t y  of most laboratory 

sources. 

The o the r  tact ic  is t o  measure t h e  A-value of C I  A5052 by 

combinations of ways b e t t e r  s u i t e d  t o  

than i s  %[m + mHC] . Figures 1 3 A  and 13B show t h e  relative thermal 

e r r o r  propagated i n t o  r e s u l t s  of t h r e e  such a l t e r n a t i v e  sets of measure- 

ments, ( i n  addi t ion  t o  %[BE + ARH ]), a t  t h e  two source temperatures 

T = 10,OOO°K and T = 11,600°K , respec t ive ly .  

T I B  under normal source conditions 

C 

C C 

0 0 

Two of t h e  A-value determinations introduced he re ,  ARN and 

' ARN i s  t h e  H 

C 

B *  C 
ARBc , make use of i n t e r n a l  standards o the r  than 

A-value of C I  A5052 deduced from t h e  trans-species r e l a t i v e  i n t e n s i t y  

measurement using Ne1 A5852 as t h e  i n t e r n a l  standard. Because of t h e  

estimated uncer ta in ty  i n  the  absolu te  A-value of t h i s  l i n e 1 3 ,  t h e  10% 

T I B  r e s u l t  %[AE + ARNc] w i l l  be inherent ly  uncer ta in  by 5% . ARB 

is t h e  

C C 

C I  A5052 A-value deduced from a trans-species relative i n t e n s i t y  

measurement r e ly ing  on a s l i t - i n t e g r a t e d  po r t ion  of 

standard . 
Ha as t h e  i n t e r n a l  

For use as an i n t e r n a l  standard t h e  s l i t - i n t e g r a t e d  c e n t r a l  

po r t ion  of Ha 

t h e  advantage t h a t  i t s  thermal dependence can be conveniently var ied  

(whose a n a l y t i c a l  expression is  given by eqn. 1171) o f f e r s  

according t o  t h e  needs of T I B  by making use of t he  l a w s  of r a d i a t i v e  

'Whenever i t  i s  f e a s i b l e  from t h e  standpoint of thermal e r r o r  propagat ion,  
one l i k e s  t o  work with hydrogen B a l m e r  l i n e s  as i n t e r n a l  standards f o r  a 
v a r i e t y  of reasons: 
hydrogen i s  an almost un ive r sa l  cons t i tuent  i n  the  v o l a t i l e  compounds 
used as spectroscopic a d d i t i v e  gases so  t h a t  t h e  relative concentrations 
of hydrogen and t h e  atonr of i n t e r e s t  are p rec i se ly  set by stoicheometric 
r a t i o s ;  and from t h e  e a s i l y  measured 
i n f e r  plasma temperature from e l ec t ron  density.  

t h e i r  A-values are t h e  most p rec i se ly  known; 

H8 S t a rk  width one can r ead i ly  
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t r a n s f e r .  That is ,  t h e  s l i t  in t eg ra t ed  i n t e n s i t y  of H can be given t h e  

slowly varying thermal dependence of t h e  Planck func t ion  ( a t  X = 6562) i f  

t he  mean observed o p t i c a l  depth, -c , i s  made la rge .  A t  a fixed source 

temperature T can be increased by reducing t h e  s l i t  width, and by using a 

combination of absolu te  source pressure  and spectroscopic add i t ive  concen- 

t r a t i o n  designed t o  increase  hydrogen number d e n s i t i e s  while keeping 

e l e c t r o n  d e n s i t i e s  low. I f ,  however, T I B  requi res  i t ,  t h e  s l i t  in tegra ted  

i n t e n s i t y  of H can be  given a s t ronger  thermal dependence by reducing 'I . 
I n  t h e  l i m i t  T -+ 0 , however, H would be a preferab le  i n t e r n a l  stan- 

dard unless  o p t i c a l l y  t h i n  Ha i s  completely in t eg ra t ed ,  s ince  t h e r e  i s  

56 considerable uncer ta in ty  i n  t h e  S ta rk  width of H . 

c1 

% 

'L 

QJ 

c1 
'L 

B 

c1 

The curve A(T1B) = 1/,(2AEc + ARH, + ARNc) , i l l u s t r a t e s  another 
C 

T I B  option: i t  o f t en  happens t h a t  averaging two T I B  r e s u l t s ,  here 

%[AEc + ARHc] and %[AEc + Amc] , w i l l  produce r e s u l t s  of lesser thermal 

s e n s i t i v i t y  than e i t h e r  of them separa te ly .  

measurement becomes too ted ious  depends on whether photographic o r  photo- 

e l e c t r i c  spectroscopic recording i s  used. 

Whether o r  not such a composite 

Returning t o  Fig.13A , w e  f ind  t h a t  f o r  To = 10,000'K t h e  f i v e  

depicted methods of measuring 

creasing s e n s i t i v i t y  t o  thermal e r r o r s  as follows: 

%[AE + Amc] , %[2AE + ARHc + ARNc] , and %[ARB C + ARHc] . A s imi l a r  

comparison a t  T = 11,600"K ( c f .  Fig.13B ) shows t h a t  while AEc remains 

t h e  A-value measurement most vulnerable t o  thermal e r r o r ,  t h e  various TIB 

methods have s h i f t e d  q u i t e  markedly i n  t h e i r  relative thermal s e n s i t i v i t i e s .  

We now f ind  t h a t  t h e  arrangement, i n  order of decreasing s e n s i t i v i t y ,  is: 

%[AEc + ARwc], %[ARBc + WH,], 1/,[2AEc + ARHc + ARNc], 

C I  A5052 can be ranked i n  order of de- 

AEc, %[AEc + ARHc], 

C C 

0 

and %[AEc + ARH C 1 . 



58 

The example, A(TIB) = %[2AE + ARH + ARN ] q u i t e  o f t en  
C C C C 

l eads  t o  specula t ion  regarding t h e  use of a weighted average of two in- 

dependent A-value determinations t o  form a T I B  r e s u l t .  It might a t  

f i r s t  appear, f o r  ins tance ,  t h a t  one could maintain a des i red  l e v e l  of 

thermal i n s e n s i t i v i t y  i n  t h e  combination of 

of To simply by introducing a weight-factor a , such t h a t :  

AE and ARHc' r egard less  
C 

A(TIB) = - [AE + a  ARH ] 
c l* C C 

with a defined by 

aAE &] aT C 

TO 

Unfortunately, such a procedure i s  f a l l a c i o u s  on two counts. F i r s t ,  t h e  

more a depar t s  from un i ty  t h e  more important i t  becomes t h a t  T i s  

known p rec i se ly .  That i s ,  a i t s e l f  introduces s e n s i t i v i t y  t o  temperature 

e r r o r s .  Secondly, s e t t i n g  a g r e a t e r  than un i ty  makes t h e  a s s e r t i o n  t h a t  

ARHc is  a more accura te  r e s u l t  than AE 

warranted by the  circumstances of t h e  experiment. 

0 

which may not be a t  a l l  c y  

W e  now discuss  app l i ca t ion  of T I B  t o  t h e  measurement of 

S I  AA4695 . 
considered: 

a t  a pressure  of 9 . 0 ~ 1 0  

and 12,000"K . While t h e  ob jec t ives  of T I B  , and t h e  bas i c  techniques 

The spectroscopic source i s  t h e  same plasma w e  have already 

a test gas i n i t i a l l y  composed of %% CH + %% CS2 + 99% neon, 4 
6 -2 dyne cm , and a t  temperatures between 10,000"K 

used t o  achieve them, remain t h e  same f o r  S I  Ah4695 as f o r  C I  A5052, 

w e  u se  t h i s  s u l f u r  l i n e  t o  i l l u s t r a t e  how T I B  i s  a f f ec t ed  when atoms a r e  

a a Nc ' 
'%at is, so long as - aT I n  N~ w a s  of oppos i te  s ign  from -1n(NHg)  aT 
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r ead i ly  ionized. That is, because of t h e  .9 eV di f fe rence  i n  t h e i r  

i on iza t ion  p o t e n t i a l s ,  a t  kT 1 e V  t h e  thermal dependences of 

S I  AA4695 and of C I  A5052 are q u a l i t a t i v e l y  d i f f e r e n t :  while C I  A5052 

depends on temperature e s s e n t i a l l y  through a Boltzmann term, the  behavior 

of S I  AX4695 i s  s t rongly  influenced by Saha equilibrium (c f .  Fig.5 1.  

The s t rong  inf luence  of Saha equilibrium can complicate a 

proposed app l i ca t ion  of T I B  -- but  i n  some s i t u a t i o n s  i t  can a l s o  be 

used t o  advantage. 

of A(TIB)SI = %[AEs., + ARH ] a t  t r u e  source temperatures of 10,OOO°K, l l , O O O ° K  

and 12,000°K , where 

The bottom ha l f  of Fig. 12 shows the  thermal s e n s i t i v i t y  

S I  

= A-value of S I  Ah4695 measured i n  AEsI 
absolu te  emission, 

ARHsI = A-value of S I  AA4695 measured r e l a t i v e  

1 3 '  t o  H 

W e  see t h a t  t h e  u t i l i t y  of t h i s  T I B  measurement rap id ly  

diminishes i n  going from source temperatures of 10,000"K t o  12,000"K. 
A(TIB) rlT 0 )  

31 For To = 10,OOO°K t he  A/mT curve has a minimum value of 
\J. AB) SI (To) 

1.00 ly ing  wi th in  1% of To , s o  he re  A(TIB)SI is v i r t u a l l y  in sens i t i ve  

t o  t h e  usual  e r r o r s  i n  source temperature. A t  To = 11,000'K T I B  

a f fords  about t h e  same pro tec t ion  t o  S I  Ah4695 as i t  does t o  C I  A5052 

( i n  t h e  upper ha l f  of t h e  f igu re )  a t  T = 10,000"K. To employ A(TIBlSI 

a t  

s ince  

0 

To = 12,000°K, however, only de fea t s  t he  primary purpose of T I B  

> 
T = 12,000 
0 
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I f  S I  AA4695 i s  t h e  A-value of primary i n t e r e s t  t h e  source 

should be operated at  10,000'K ; i f  both S I  Ah4695 and C I  A5052 are 

t o  be measured simultaneously and with equal accuracy, then a source 

temperature s l i g h t l y  below 11,000'K should be  used. 

a a Because - A(TIBlSI is q u i t e  responsive (unlike - A(TIB)c) 
a T  aT 

t o  changes i n  plasma conditions,  t h e  spec t roscopis t  can purposely s h i f t  

Saha equilibrium t o  optimize the  accuracy of T I B  r e s u l t s .  For ins tance ,  

i f  f o r  t h e  source conditions i n i t i a l l y  chosen: 

t h e  inequa l i ty  can be reduced, OK removed, by r a i s i n g  absolute source 

pressure,  increas ing  t h e  relative s u l f u r  concentration i n  t h e  test  gas, and 

lowering t h e  source temperature. 

One o ther  means of applying T I B  t o  S I  AX4695 i s  i l l u s t r a t e d  

i n  Fig. 14 . I f  t h e  A-value of C I  A5052 i s  known with a r e l i a b i l i t y  

comparable t o  what w e  hope t o  achieve f o r  S I  A4695 (as i s  t h e  case i n  

t h e  cur ren t  shock tube s t u d i e s ) ,  then it can be used as t h e  i n t e r n a l  

standard i n  a trans-species r e l a t i v e  i n t e n s i t y  measurement. 

t h e  S I  AX4695 A-value deduced from t h i s  measurement as ARCsI . A s  

Fig. 1 4  shows, a t  T = 11,400'K t h e  thermal dependence i n  

A(TIB)SI = %[AESI + ARC 

We denote 

0 

] is f a r  less than i n  A(TIB)SI = %[AEsI + ARHsI1. S I  

W e  pause momentarily t o  inqu i r e  why var ious  A(T1B) (T) /A(TIB) (To) 

curves do not a l l  have t h e  same shape. 

8 Assume t h a t  t h e  exc i ted  state d e n s i t i e s  of some l i n e ,  x , and H 

both have only t h e  thermal dependence found i n  t h e i r  respec t ive  Boltzmann 

terms : 
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Then, 

a 
[AE + ARH ] = E [A(TIBlX]  = 0 

X X T=To 

a - 
a T  

gives 

while 

TO - (1- T' 
E 

kT 
0 

E T 
- (1- T) 

0 0 
%[AE (T) + ARH (T)] kT 

%[AE (To + ARH (To)] 
= %[e + e  

I f  (T-To)/To is  very s m a l l ,  

So i f  w e  neglect  Saha equilibrium, and the  thermal dependence due t o  

p a r t i t i o n  funct ions and t h e  i d e a l  gas l a w ,  then curves of 

A(TIB)(T)/A(TIB)(To) 

the minimum i n  the  curves w i l l  always occur a t  

w i l l  have the  following idea l ized  propert ies :  

T = T , and the  curves 
0 

w i l l  be  

where 

symmetrical i n  (T-To), and w i l l  have a parabol ic  shape i n  regions . .  
. T-T i s  s m a l l .  

0 
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p=12.OX IO' dyne cm"; TEST GAS: .14%PH3+99.86%NEON 
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Fig. 15: Relative Thermal Error  i n  the  A-Value of PI1 A5253 Measured 

Four Ways.. 
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Plasma pressure: 7.9 X 10' dyne cm"* 
Initial composition: .I I% (CH,), AP in neon 
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Fig. 16: Relative Thermal Error in the A-Value of At11 A5593 Measured 
Four Ways. 
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Now consider two applications of TIB which,require no 

absolute intensity measurements: 

and 

and AmpII are the A-values of PI1 A5253 deduced from ARHPII Here , 
trans-species relative intensity measurements using H and Ne1 A5852 , 

are respectively, as absolute internal standards. 

the A-values of ARII A5593 deduced in a similar fashion. 

8 

ARII and ARN ARHARII 

The relative error propagaged into A(TIB)pII and A(TIB)AaII 

by temperature errors (T-T ) , as well as specification of plasma con- 
ditions, are shown in Figs. 15 and 16 , respectively. 

0 

It is in the measurement of ion lines such as these where T I B  

excels the most: not only do the TIB results have two orders of 

magnitude less thermal dependence than the conventional results 

AEARII 
no absolute intensity measurements are required (except perhaps for small 

optical depth corrections). Moreover, the TIB results have essentially 

no dependence on absolute plasma pressure (or total number densities). 

T I B  

AEpII, 
(cf. Figs. 15 and 16 ), but they are also easier to obtain since 

For a number of transitions there is no reason to employ 

since equal accuracies can be obtained from measurements that are easier 

to perform. We refer to.those ARH measurements which are themselves 

thermally insensitive, i.e. where there is a convenient pairing of 



e x c i t a t i o n  and ion iza t ion  energies between H and t h e  l i n e  being 

studied. One example of such a measurement i s  ARH f o r  Si11 A6347 , 

shown i n  Fig. 61  . Aside from t h e  w e l l  known case of 01 A6157 , i t  

is f e a s i b l e  t o  measure a number of v i s u a l  o r  near UV l i n e s  of PII, 

MgII , A R I I  , C R I  , 01 and N I  i n  t h i s  way. 

B 

While t h e  A-value of N e 1  A5852 ( exc i t a t ion  energy = 18.9 ev) 

is known with only an estimated 10% r e l i a b i l i t y ,  as opposed t o  t h e  1% 

o v e r a l l  accuracies not s u b s t a n t i a l l y  less than 10% should be f o r  H 

poss ib l e  by u t i l i z i n g  thermally i n s e n s i t i v e  ARN measurements. Fig.57 

B '  

shows t h e  thermal s e n s i t i v i t y  of ARNsII t h e  A-value of S I 1  A5453 

measured relative t o  N e 1  A5852 . Note t h a t  these  two l i n e s  are both 

s t rong  and narrow, and are separa ted  by only 4001 , so  t h e r e  should not 

be major problems connected with measurement of t h e i r  r e l a t i v e  i n t e n s i t i e s .  

Other t r a n s i t i o n s  which are exempt from treatment by T I B  

when source temperatures exceed 9,000'K are those wi th in  the  (neu t r a l )  

metals and t h e  most r e a d i l y  ionized l i g h t  elements. With increasing tempera- 

t u r e ,  i on iza t ion  deple tes  t h e  exc i ted  states f o r  t hese  t r a n s i t i o n s  as f a s t  as 

Boltzmann equilibrium populates them; hence the  exc i ted  state d e n s i t i e s  have very 

l i t t l e  n e t  thermal dependence. 

(AE) r e s u l t s  which are thermally i n s e n s i t i v e ,  as f o r  example, S i 1  A5948 

of Fig. 61 . 
l i n e s  due t o  e r r o r s  i n  spectroscopic add i t ive  p a r t i a l  p ressures ,  absolute 

plasma pressure  and absolu te  i n t e n s i t y  c a l i b r a t i o n ,  whereas they should 

be  t h e  most accura te  of t h e  conventional (AE) measurements. 

For these  t r a n s i t i o n s  i t  is  t h e  conventional 

Paradoxically,  w e  ob ta in  t h e  poorest accuracies with these  

1 .  
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E. Prospects f o r  Extension of T I B  t o  Other 

Laboratory Sources, Wavelength Regions 

and Plasma Temperatures 

To car ry  over t h e  i l l u s t r a t e d  T I B  procedures i n t o  o the r  

s p e c t r a l  regions,  o r  t o  sources of s i g n i f i c a n t l y  higher temperatures, 

requi res  t h e  adoption of d i f f e r e n t  sets of i n t e r n a l  standards.  The 

Paschenand Lyman series come immediately t o  mind f o r  use i n  t h e  f a r  

in f ra - red  and WV . The growing body of r e s u l t s  from ( b e t t e r )  l i f e t i m e  

s t u d i e s  o f f e r s  many p o s s i b i l i t i e s  f o r  i n t e r n a l  standards i n  t h e  UV . 
The H e 1  spectrum spans a region from 600i - 12,0001 with l i n e s  whose 

thermal dependence is  j u s t  g r e a t  enough t o  permit T I B  o f  many s ingly  

ionized (and some doubly ionized) l i g h t  elements whose spec t r a  become 

b r i g h t  a t  2 e V  temperatures. 

t The app l i ca t ion  of t h e  TIB procedures carries over d i r e c t l y  

t o  anomalous d i spe r s ion  s t u d i e s  when "hook-displacement" i s  subs t i t u t ed  

f o r  " in tens i ty"  i n  the  foregoing discussion. 

u t i l i z i n g  t h e  b e s t  f e a t u r e s  of both emission and "hook" methods would be 

A p r a c t i c a l  hybrid experiment 

t o  employ anomalous d ispers ion  measurements ins tead  of absolu te  i n t e n s i t y  

measurements i n  obtaining t h e  analog of AE while r e t a in ing  r e l a t i v e  

i n t e n s i t y  measurements (which f o r  t r a n s i e n t  sources i s  v i r t u a l l y  synonymous 

with t i m e  resolved photographic recording) f o r  ARH . T I B  procedures 

can be employed with s t a b i l i z e d  arcs s o  long as they are not expected both 

t o  

demixing. That is, T I B  is  complimentary t o ,  r a t h e r  than a s u b s t i t u t e  f o r ,  

Boldt 's  procedures for  t r e a t i n g  t h e  demixing problem i n  a rc s .  Discrepancies 

between AE and ARH r e s u l t s  s e rve  warning t h a t  some e r r o r  has been 

remove s e n s i t i v i t y  t o  thermal e r r o r  and t o  e s t a b l i s h  the  ex ten t  of 

67 

'With t h e  exception of 
t r a n s f e r  . ARB, which relies on t h e  l a w s  of r a d i a t i v e  
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commited -- but do not specify whether it is in source temperature 
or assumed demixing ratios. 



CHAPTER I V  

SPECTROSCOPICALLY ORIENTED DESCRIPTION OF THE 

LUMINOUS SHOCK TUBE 

A. Introduction 

I n  a s i n g l e  f i r i n g ,  t h e  conventional shock tube presents  a 
27-32,68-72 

s t a t i o n a r y  observer with a series of d i f f e r e n t  plasmas.  

pers i s t  i n  t h e  f i e l d  of view f o r  only f r a c t i o n s  of a microsecond, t he  

Some of these  

t r a n s i t  t i m e s  of sub-millimeter t h i c k ,  non - LTE r e l axa t ion  regions be- 

hind shock f r o n t s :  o the r s  p e r s i s t  i n  e s s e n t i a l l y  steady state f o r  tens  

o r  hundreds of microseconds. These longer dura t ion  plasmas are s lugs  of 

gas  s eve ra l  centimeters i n  length en t ra ined  behind inc ident  o r  r e f l e c t e d  

shocks. While t h e  t r a n s i e n t  shock tube emission can be  used t o  study 
28,30,73,74 

r e l axa t ion  rates, t r a n s i t i o n  p r o b a b i l i t i e s  are s tudied  during periods of 

steady state emission f o r  which t h e  plasmas have a w e l l  defined thermo- 

dynamic state. 
75 

Given t h e  i n i t i a l  composition of t h e  shock-heated gas,  i t s  

thermodynamic state can be determined e i t h e r  by "direct" measurement, i .e.  

a spec t roscopic  temperature measurement coupled with a transducer measure- 

ment of plasma pressure ,  o r  by applying hydrodynamic theory t o  a measured 

inc iden t  shock speed, S1 . Both methods have t h e i r  drawbacks -- viscous 

' f o r c e s  and random events a t  t h e  t i m e  shocks are generated cause departures 

from t h e  one-dimensional shock theory (Rankine-Hugouiot r e l a t i o n s ) ,  while 

plasma spectroscopy is  suscep t ib l e  t o  many systematic e r r o r s .  

69 
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Analysis of source conditions i n  several previous A-value 

s t u d i e s  employing shock tubes 28-32 r e l i e d  primarily on hydrodynamic 

theory and measured shock speeds, bo l s t e red  perhaps by e i t h e r  a s i n g l e  

spec t roscopic  temperature o r  a transducer-recorded pressure.  

i n v e s t i g a t o r s  w e r e  

behavior deviated from p red ic t ions  of t he  one-dimensional model, and 

sought, w i th in  t h e  framework of hydrodynamics, t o  i n f e r  how se r ious ly  t h e  

observed devia t ions  would inf luence  the pred ic ted  plasma temperatures. 

These 

p a r t i c u l a r l y  concerned when shock tube hydrodynamic 

Because t h e  present  i nves t iga t ion  relies completely upon d i r e c t  

measurement of state va r i ab le s ,  w e  are not s e r ious ly  concerned with the  

h i s t o r i e s  of t h e  plasmas as long as they are homogeneous and i n  LTE . 
W e  d id ,  i n  f a c t ,  perform rudimentary hydrodynamic s t u d i e s ,  but f o r  reasons 

pe r iphe ra l  t o  t h e  task of obta in ing  A-values. Before our spectroscopic 

instrumentation became ava i l ab le ,  w e  recorded inc iden t  shock speeds and 

acce le ra t ions ,  r e f l e c t e d  shock speeds,and made white l i g h t  x-t s t r e a k  

photographs t o  f ind  ou t  i f  t he  new shock tube behaved pa thologica l ly  i n  any 

important way. 

W e  found inc iden t  shock f r o n t s  t o  be well-formed (not d i f f u s e ) ,  

t he  region behind t h e  r e f l e c t e d  shock t o  be homogeneous except f o r  an 

occasional weak diagonal shock. 

achieved by o the r  tubes of similar dimensions, but appeared adequate t o  

provide the  plasma temperatures required f o r  our emission s tud ie s .  

Inc ident  shock speeds were lower than 

Once our apparatus became f u l l y  instrumented and w e  began 

t h e  spectroscopic d a t a  runs,  w e  continued t o  monitor inc ident  shock 

speedsT f o r  t h e  following reasons: . .  

'The x-t s t r e a k  photography had t o  b e  abandoned when spectrographs displaced 
the  white-l ight drum camera i n  t h e  t i g h t  confines of our labora tory .  
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To t h e  ex ten t  t h a t  hydrodynamically predicted 

temperatures and pressures are found t o  agree 

with d i r e c t  measurements, w e  can r e l y  on them 

f o r  those few d a t a  runs where the  i n t e r p r e t a t i o n  

of d a t a  f o r  d i r e c t  assessment of temperature 

o r  pressure  has been rendered unclear by some 

mishap. 

Since much of t h e  earlier shock tube work d id  

r e l y  on hydrodynamic predic t ions  f o r  estimates 

of plasma pressure  and temperature, and s ince  

t h i s  i s  s t i l l  t h e  easiest way t o  estimate the  

thermodynamic state of t he  plasma ( i -e . ,  t h e  only 

experimentally observed q u a n t i t i e s  are the  in- 

c ident  shock speed, S1 , and t h e  i n i t i a l  test 

gas pressure ,  p1 1, it is of i n t r i n s i c  

i n t e r e s t  t o  see how w e l l  the  hydrodynamic pre- 

d i c t i o n s  p(S1) and T(S1) agree with more 

r e l i a b l e  (redundant) d i r e c t  measurements. 

Results of t h i s  comparison w i l l  t o  some ex ten t  

depend on t h e  shock t u b e ' s  c ross -sec t iona l  s i z e  

and shape, and on the  type of test  gas used. 

W e  note,  however, t h a t  our system is s i m i l a r  

t o  many spectroscopic shock tubes i n  a l l  these 

respec ts .  

By e s t ab l i sh ing  an empirical  r e l a t ionsh ip  between 

inc ident  shock speed and t h e  r a t i o  of pressures 

across t h e  diaphragm p r i o r  t o  breaking, w e  can 

employ the  Rankine-Hugoniot r e l a t i o n s  t o  select 

i n i t i a l  p ressures  and compositions t o  optimize 

plasma conditions f o r  a p a r t i c u l a r  spectroscopic 

measurement. 

W e  emphasize t h a t  had any, o r  a l l ,  of our hydrodynamic da ta  been 

omitted, our r e s u l t s  f o r  t r a n s i t i o n  p r o b a b i l i t i e s  and l i n e  widths would not 

be s i g n i f i c a n t l y  a f f ec t ed ,  s i n c e  shock-predicted thermodynamic q u a n t i t i e s  

w e r e  included i n  the  reduction of less than 5% of t h e  da t a  runs.  
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Section - B contains a brief heuristic account of how the shock 

tube produces a luminous slug of plasma, and correlates shock tube flows 

with the characteristic luminosities observed in time-resolved spectroscopy. 

In Section C we compare Ranktne-Hugoniot predicted pressures and temperatures 

for a real test gas with those for an ideal gas. 

Rankine-Hugoniot predicted pressures and temperatures with the results of 

direct measurements. 

of boundary layers an$ weak diagonal waves in our otherwise homogeneous 

plasmas. Section examines the performance of the Maryland shock tube in 

terms of how closely the actual shock speeds approach the theoretical limiting 

values. It also illustrates how initial conditions can be tailored for 

approximate optimization of particular line intensities in our shock-heated 

plasmas . 

This section also compares 

Section 2 considers the spectroscopic consequences 

B. Shock Tube Operation 

The following sketch is intended for the orientation of readers 

largely unfamiliar with shock tube operation. 

treatments are given in the literature. 

Numerous quantitative 
68-72,76 

The conventional (“Cold-driver”) shock tube is an adiabatic com- 

pressor; it relies on a shock wave, rather than a piston, to elevate a 

small quantity of gas to high temperatures. 

work performed at the plant which supplies the high pressure driver gas. 

Its energy source is the pV 

Its 

basic elements are two chambers of uniform cross section initially separated by 

a frangible partition. The longer section (expansion section) is charged with 

a few hundredths of an atmosphere of the gas to be shock-heated, while the 
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Hypothetical photograph 
of shock tube taken with 
Eilm stationary.  4 

+ Direction of f i lm t r a v e l  

Drum Camera x-t photograph of shock i n  argon 

Schematic of above photograph 

1. Incident shock front ,  followed 3. F i r s t  ref lected shock r e f l e c t s  

2. F i r s t  ref lected shock. 

by short  duration relaxation region. off hydrogen-argon interface 
(out of f i e l d  of view). 

4. Multiply ref lected waves. 

Fig. 17: Schematic Correlation Between Shock Tube Flows and Time-Resolved Spectrzscopy 

Near the End Wall. 
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s h o r t e r  (dr iver )  s e c t i o n  is pressurized t o  10-100 atmosphere with a 

l i g h t  (dr iver )  gas. When t h e  p a r t i t i o n  i s  suddenly removed ( i n  the  

present  case a metal diaphragm breaks) , t h e  d iscont inui ty  in- s t a t i c  

pressure  i s  re l ieved  by two t r a i n s  of pressure waves, one t r a v e l i n g - i n t o  
% 

. 2- .--* i;. 
t he  low pressure  gas,  compressing and h e a t i n g  i t ,  as w e l l  as s&&g it  

i n t o  motion, and t h e  o the r  moving back i n t o  t h e  high pressure 

and cool ing  i t .  The t r a i n  of compressive waves coalesce i n t o  

well-formed shock f r o n t  of sub-mill imetei  thickness  after t rave l fnq  10-30 

shock tube diameters (formation d is tance)  downstream from t h e  diaphragm. 

< 

Entrained behind t h e  shock is the  once-compressed s lug  of test gas,  

bounded i n  f r o n t  by the  inc ident  shock wave and hehind by an i n t e r f a c e  

with the  expanded d r ive r  gas. 
I .  

> I  

Figure 1 7  dep ic t s  shock behavior as seen by a s t a t iona ry  obserber 

i n  the  v i c i n i t y  of t h e  end w a l l  of t h e  shock tube. When t h e  inc ident  

shock reaches the  end w a l l - i t  i s  r e f l e c t e d  back i n t o  the  moving s lug  of 

once-compressed plasma, compressing and h e a t i n g  i t  again.  This r e f l ec t ed  
I 

shock wave a l s o  br ing& t h e  gas v i r t u a l l y  t o  rest ( s ince  there  can be  no gas 

flow perpendicular t o  t h e  end wal l ) .  

This t w i c e -  compressed plasma ("f i rs t - ref l -ected shock region") 

When viewed is  t h e  l i g h t  source f o r  most of our  spectroscopic  s tud ie s .  

1-2 cm from t h e  end w a l l ,  plasma dura t ions  are typ ica l ly  50-150~s , 

depending on i n i t i a l  gas pressures .  

state of t he  gas is very near ly  s teady,  pressure  and temperature typ ica l ly  

increas ing  no t  more than 4% per  100psec. 

During t h i s  period t h e  thermodynamic 

The s teady-s ta te  plasma i s  eventual ly  disrupted by multiply 

r e f l ec t ed  shocks (c f .  Fig.. 17) .  These are generated when the  f i r s t  r e f l ec t ed  
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shock wave encounters t h e  d r ive r -gas - t e s t  gas i n t e r f a c e :  t h e  d r ive r  

gas has a much lower molecular weight than t h e  test gas ,  s o  t h e  in t e r -  

f ace  presents  a d i scon t inu i ty  i n  sound speeds. 

not a sharp d i scon t inu i ty ,  t he re  is  usua l ly  a fan  of mul t ip le  r e f l ec t ed  

shocks. These compress and hea t  t h e  plasma s t i l l  f u r t h e r ,  but do not produce 

Because the  i n t e r f a c e  i s  

s teady  s ta te  regions of long dura t ion ,  as does the  f i r s t  r e f l ec t ed  shock. 

Shock tube luminosity i s  f i n a l l y  quenched by t h e  a r r i v a l  of 

cooling expansion waves which have been r e f l e c t e d  off of t h e  end w a l l  of 

t h e  d r i v e r  sec t ion .  

C .  Hydrodynamic Predic t ions  Compared With Direct 

Measurements on t h e  Thermodynamic S t a t e  of 

Reflected Shocks 

An imaginary observer t r ave l ing  i n  t h e  reference frame of t he  

shock wave sees gas, i n  a p a r t i c u l a r  thermodynamic state,  en ter ing  the  

wave at  some constant ve loc i ty  and e x i t i n g  from it  a t  some o the r  constant 

v e l o c i t y ,  and with a changed thermodynamic state. Since the  shock wave 

has e s s e n t i a l l y  zero thickness,  i t  cannot be e i t h e r  a source o r  a s ink  

f o r  p a r t i c l e  m a s s ,  momentum o r  energy: 

of t hese  q u a n t i t i e s  across  t h e  shock wave. 

therefore ,  t h e r e  i s  zero ne t  f l ux  

By applying equations f o r  t h e  conservation of these  t h r e e  

q u a n t i t i e s  t o  shocks propagated i n  one dimension, employing some bas i c  

thermodynamic i d e n t i t i e s ,  and performing a considerable amount of a lgebra ic  

manipulation, one arrives a t  t h e  Rankine-Hugoniot equations. These express 
28-31,68-72,76 

the  jump-conditions f o r  pressure ,  temperature, o r  number dens i ty ,  across 

a shock i n  terms of t h e  shock speed ( i n  t h e  labora tory  reference frame) and 

the  degrees of freedom of t h e  shocked gas. These equations can be applied 
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sequen t i a l ly  t o  relate conditions behind t h e  f i r s t  r e f l e c t e d  shock t o  

the  conditions ahead of t h e  inc iden t  shock ( i . e .  t he  i n i t i a l  state of 

t h e  test gas).  

I n  Fig.18 w e  show Rankine-Hugoniot predicted pressures,  

p5(S1) , and temperatures, T5(S1) , behind f i r s t  r e f l e c t e d  shocks f o r  

a test gas composed of 1% CH + 99% neon and i n i t i a l l y  (before shock 4 
heating) a t  10 Torr. That is, 

Rankine-Hugoniot pred ic t ions :  

(constant number of degrees of 

t he  f i g u r e  ac tua l ly  contains two sets of 

77 
those based on constant s p e c i f i c  heat-s 

freedom, constant y = C / C  1, shown as 
P V  

dashed curves, and those taking i n t o  account real-gas e f f e c t s  (va r i ab le  

s p e c i f i c  h e a t ) ,  which are drawn as s o l i d  curves. 

included t h e  e f f e c t s  of molecular d i s s o c i a t i o n  and e l e c t r o n i c  e x c i t a t i o n  

and ion iza t ion .  The real gas pred ic t ions  were made much more t r a c t a b l e  

by assuming complete molecular d i s soc ia t ion  behind r e f l e c t e d  shocks: 

assumption should be v a l i d  t o  very good approximation 

i n  t h i s  region exceeded 9,OOO"K. 

were obtained using computer codes w r i t t e n  by 

R. Bengtson. 

These l a t te r  ca l cu la t ions -  

t h i s  

51 s ince  temperatures 

Real-gas Rankine-Hugoniot pred ic t ions  

D. K ~ o p r n a n ~ ~  and 

For a t y p i c a l  shock generated by our equipment, S1 = 3.25 mm/psec., 

w e  no te  (c f .  Fig.18 ) t h a t  t h e  inc lus ion  of real gas e f f e c t s  lowers t h e  

shock-predicted temperature by 10% and raises the  shock-predicted pressure 

by 15% . The exc i ted  state dens i ty  of H 

by the  real gas ca l cu la t ions  i s  % as l a r g e  as predic ted  by t h e  i d e a l  gas 

ca lcu la t ions .  This f a c t o r  of two d i f f e rence  i n  predicted H number 

d e n s i t i e s  i s  due almost e n t i r e l y  t o  t h e a h t e r n a l  degrees of freedom of 

t h e  1% CH4 spec t roscopic .addi t ive  gas: 

e s s e n t i a l l y  i d e a l  and un-ionized up t o  temperatures of 12,000'K. 

NH (p5,T5) , predicted 
f3 f 3 ,  

B 

t h e  99% neon carrier gas remains 
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Fig. 18: Rankine-Hugoniot Predic t ions .  for a Typical Spectroscopic Variable: 

The Excited S t a t e  Density of 

Inc ident  Shock Speed. 

H Displayed as a Function of B 
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H B  
The hatched-in area on N (p5,T5) shows t h e  range of 

HB 
exc i t ed  state d e n s i t i e s  deduced from d i r e c t  measurements of temperature 

and pressure  f o r  shocks where 
% 

S1 = 3.25mm/psec. 

Figure 18 a l s o  i l l u s t r a t e s  t h e  prec is ions  i n  shock speed measure- 

ment required when Rankine-Hugoniot equations are employed i n  quan t i t a t ive  

spec t roscopic  s tud ie s .  A 3% e r r o r  i n  S1 propagates i n t o  a 4% tempera- 

t u r e  e r r o r  ( f o r  real gas p red ic t ions ) ,  which i n  tu rn  causes t h e  estimated 

exc i ted  s ta te  dens i ty  of a t y p i c a l  v i s i b l e  l i n e  (H ) t o  err by 30% - 50%. B 
Rankine-Hugoniot ( r e a l  gas) predicted temperatures and pressures 

f o r  r e f l e c t e d  shocks are compared with d i r e c t l y  measured values i n  

Figs. 19 and 20 , respec t ive ly .  These da t a  are f o r  shocks i n  

1% CH4 + 99% neon and @ CH + @ CS + 99% neon test gases. 4 2 
Shock speeds were measured witth 1 .6  H Hz P o t t e r  c rys t a l -  

regulated chronographs. 

transducers (rise t i m e s  of approximately 0.5psec.) o r  t h i n  f i lm  re s i s t ance  

gauges ( r i s e  t i m e s  of approximately 0.2 sec.) . Time-of-flight test  

s t a t i o n s  were e i t h e r  30 cm o r  60 cm a p a r t ,  one test s t a t i o n  always being 

located i n  t h e  same shock tube plane as t h e  o p t i c a l  path used f o r  spectro- 

scopic  diagnosis of t h e  plasma. Because t h e  chronographs required 40 v o l t  

t r i gge r ing  pulses ,  while t h e  t h i n  f i lm  r e s i s t o r s  and quartz pressure trans- 

ducers supplied only m i l l i v o l t  s igna l s ,  a multichannel fas t - r i se t ime pulse 

ampl i f ie r  w a s  constructed using s o l i d  state diodes. 

approximately l .0psec j i t t e r  t o  t h e  measured shock t r a n s i t  t i m e s  between 

s t a t i o n s  ( t h e  chronographs r equ i r e  a "start" pulse and a "stop" pulse) .  

Moreover, t h e  inherent  delay of t h e  ampl i f ie r  would vary by as much as 

l .0psec from day t o  day because diode response depended on ambient temperature. 

Therefore, considering t h e  least count (0.6psec.) of t he  chronographs, t h e  

Shock sensors were e i t h e r  K i s t l e r  quartz pressure 

This c i r c u i t  added 
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INITIAL MIXTURE: 

3 %CS2 + a o / . C H 4  +99 % NEON 

85% OF DATA FALL WITHIN 
f7% OF MUTUAL AGREEMENT 

4 5 6 7 8 9 10 I I  12 

Fig. 20: Measured Pressures Behind First-Reflected Shocks (Quartz Transducers) 
vs. Pressures Predicted from Rankine-Hugoniot Equations (Including 
Real Gas Effects) Using Measured Incident Shock Speeds. 
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j i t t e r  i n  t h e  pulse  ampl i f ie r  and t h e  rise-time of the  sensors ,  w e  estimate 

shock speeds w e r e  measured with a prec is ion  of 2%. 

However, t he  instantaneous shock speed a t  t he  pos i t i on  where compari- 

son i s  made t o  d i r e c t  pressure and temperature measurements i s  general ly  not 

the  s a m e  as t h e  average shock speed between two timing s t a t i o n s  spaced 30 c m  

o r  60 c m  apa r t .  

(giving f i v e  shock speed determinations) were used, w e  observed shock speeds 

t o  b e  q u i t e  dependent on d i s t ance  from t h e  diaphragm. 

w e r e  no t  h ighly  reproducible:  

During preliminary s t u d i e s ,  when up t o  s i x  timing s t a t i o n s  

Velocity p r o f i l e s  

successive runs using i d e n t i c a l  i n i t i a l  con- 

d i t i o n s  might produce shocks t h a t  w e r e  acce le ra t ing ,  o r  dece lera t ing ,  i n  

the  v i c i n i t y  of t h e  test sec t ion .  

speed causes an add i t iona l  1% scatter (random e r r o r )  i n  our estimates of 

l o c a l  shock speed. 

W e  estimate t h i s  v a r i a t i o n  i n  shock 

of 

W e  

1% 

The d i r e c t l y  measured temperature, T" , i n  Fig. 1 9  i s  the  average 

four  independent, simultaneous temperature determinations ( c f .  Chapter VII). 
% 

estimate T contains  less than 1% systematic  ( repeatable)  e r r o r  and 

- 2% random e r r o r  ( s c a t t e r ) .  Since the  f i r s t  r e f l ec t ed  region i s  

genera l ly  not  s t r i c t l y  a s teady-s ta te  plasma, w e  cons i s t en t ly  measure 

midway through it:  

shock wave w i l l  b e  t y p i c a l l y  1% lower than, and temperatures j u s t  p r i o r  t o  

T" 
temperatures immediately behind the  f i r s t  r e f l ec t ed  

% 
arrival of mult iply r e f l ec t ed  shocks w i l l  be t y p i c a l l y  1% 

Since the  Rankine-HugonSot theory assumes 

higher than,  T . 
t he re  w i l l  be steady s t a t e  conditions 

throughout t h i s  region,  t h e r e  is some ambiguity as t o  whether 

o r  ? - 1% 

? , ? + 1% 

should be employed f o r  comparison with T(S1)- . 
From 9,500"K t o  11,00O"K, T(S1) and ? agree t o  wi th in  mutual 

Scatter about the  agreement l i n e  i s  approximately what i s  ex- tolerance.  

petted from 2% random e r r o r  i n  T and 3% - 4% random e r r o r  i n  T(S1) , % 
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i.e., according t o  Fig. 18 , a 3% scatter i n  

scatter i n  T(S1) . For T(S1) between l l , O O O ° K  and 13,000°K, however, 

T is  s i g n i f i c a n t l y  lower than T(S1) . 

S produces a 3% P 4% 1 

% 

W e  be l i eve  t h i s  discrepancy a t  higher temperatures is associated 

, are used t o  P 1  with the  f a c t  t h a t  lower i n i t i a l  test gas pressures ,  

generate the  h o t t e r  shocks. 

becomes the  i n f  h e n c e  of boundary l aye r s  i n  determining shock temperatures. 

Since the  Rankine-Hugoniot equations are formulated i n  one dimension, i .e . ,  

neglec t  boundary l aye r s ,  T(S1) 

shocks. 

The lower t h e  i n i t i a l  p ressures ,  t h e  g rea t e r  
28-30 69-72 

is expected t o  be less v a l i d  f o r  our h o t t e r  

Also,  lower i n i t i a l  pressures lead  t o  lower d e n s i t i e s  behind the  

r e f l e c t e d  shocks, so r ead i ly  ionized w a l l  impur i t ies  (c f .  Chapter V I I )  w i l l  

have a g rea t e r  cooling e f f e c t  f o r  these  shocks than f o r  cooler,  denser, 

shocks. 

Comparing p(S1,pl) with t h e  pressure  measured by a quartz trans- 

ducer ( c f .  Chapter VII), Fig.20- shows 85% of the  d a t a  f a l l  wi th in  7% of 

mutual agreement f o r  pressures  varying between 3 - 12x10 6 -2 dynes c m  . 
This agreement is  w e l l  wi th in  the  5% - 7% to le rance  of t h e  d i r e c t  pressure 

measurement and t h e  4% - 5% to lerance  ( c f .  Fig. 18 ) i n  

t he  3% scatter i n  S1 . Previous authors have found similar good 

agreement between d i r e c t l y  measured and hydrodynamically predicted pressures ,  

even when hydrodynamically pred ic ted  temperatures d id  not agree w e l l  with 

p(S1,pl) due t o  
28-34 , 70 

o the r  data.  

D. Spectroscopic Consequences of Breakdowns 

i n  t h e  1-D Flow Model 

The spec t roscopis t  assumes a 1-D flow model because i t  s i m p l i -  

f i e s  r a d i a t i o n  t r a n s f e r  ca l cu la t ions  and hence the  i n t e r p r e t a t i o n  of emission 

and absorption d a t a  from t h e  luminous shock tube: y e t  t he  hydrodynamicist 



83 

knows t h i s  model descr ibes  only the  gross  f ea tu res  of complicated events.  

We now show t h a t  t h e  spec t roscopis t ' s  use of t he  1-D model causes l i t t l e  

s a c r i f i c e  i n  accuracy. I f  a few precautions are taken, the  ignored d e t a i l s  

of shock flows serve only t o  increase  somewhat t he  scatter i n  spectro- 

scopic  r e s u l t s .  W e  w i l l  consider t he  inf luence of laminar boundary layers  

and t r a i l i n g  waves on spectroscopic  r e s u l t s  obtained from the  region behind 

the  f i r s t  r e f l e c t e d  shock. 

R e a l  (3-D) flow regions are surrounded by a boundary l a y e r ,  a 

t h i n  laminar o r  tu rbulen t  envelope whose thickness i s  defined t o  include 

those por t ions  of t he  flow where the  thermodynamic s ta te  d i f f e r s  from the  

bulk of t h e  plasma. A boundary l a y e r  always e x i s t s ,  s ince  t h e  temperature 

of t h e  gas contact ing t h e  tube w a l l s  ( l a rge  s p e c i f i c  ,teat) must assume 

the  w a l l ' s  temperature, and the  condi t ion of "no s l i p "  a t  t he  w a l l s  es- 

t ab l i shes  a ve loc i ty  grad ien t  extending i n t o  t h e  main flow. 

growth of t he  l aye r  wi th  the  t i m e  elapsed a f t e r  passage of t h e  inc ident  shock 

has been amply confirmed 

The predicted 

30,70 

Fortunately,  t h i n  boundary l aye r s  do not  cause s i g n i f i c a n t  modu- 

l a t i o n  of non-resonance l i n e s  o r ig ina t ing  i n  the  bulk of t h e  plasma. 

Throughout t he  g rea t e r  por t ion  of t he  boundary l aye r  t h e  number densi ty  of 

emitters or absorbers of non-resonance l i n e s  is very s m a l l  because i n  t h i s  

cooler  gas both t h e  upper and lower atomic levelst w i l l  be  th in ly  populated. 

I f  t he  boundary l a y e r  supports a l i n e a r  temperature gradient  between the  w a l l  

and the  bulk of t h e  plasma, then the re  w i l l  be  an exponential  fa l l -of f  i n  

the  number dens i ty  of emitters (absorbers) across  t h e  layer .  I f  t he  f u l l  

ex ten t  of t h e  boundary l aye r  is ,  say l .m ,  then .1 mm away from the  30-70 

tFor v i s i b l e  l i n e s  i n  l i g h t  elements values  of E 
would be  typ ica l .  

= l l e V ,  Elow = 9eV 
UP 
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bulk of t he  plasma t h e  number dens i ty  of emitters w i l l  have f a l l e n  by 

t y p i c a l l y  a f a c t o r  of 3 and of adsorbers by more than a f a c t o r  of 2. 

In t e rac t ions  i n  t h i s  .1 mm region w i l l  obviously cause l i t t l e  modulation 

i n  an o p t i c a l l y  t h i n  l i n e  o r ig ina t ing  i n  a plasma 70 mm deep. For o p t i c a l l y  

t h i n  l i n e s  then, t h e  - n e t  e f f e c t  of ignoring t h e  ex is tence  of (two) 

boundary l aye r s  1 nun t h i c k  w i l l  be t o  s l i g h t l y  reduce the assumed thickness 

of emitt ing plasma along the  l i n e  of s i g h t  R , by t h e  r e l a t i v e  amount 

70-2 % R - = .97 . 
70 

For o p t i c a l l y  t h i c k  l i n e s , t h e  reduction i n  observed l i n e  i n t e n s i t y  

may be s l i g h t l y  g rea t e r  s ince  the  l a w s  of r a d i a t i v e  t r a n s f e r  no longer 

reduce t o  the  l i n e a r  approximation. Even here ,  however, t he  e f f e c t i v e  

absorbing l a y e r  is  too t h i n  t o  cause appreciable e r r o r .  (For resonance 

l i n e s  t h e  whole ex ten t  of t h e  boundary l a y e r  comes i n t o  play,  permitt ing 
Ebw/kT 

modulations a f a c t o r  of e 2 l o 4  g r e a t e r  than with non-resonance 

l i n e s  of lower state energ ies  E l o w  .I 
The expec ta t ion  of neg l ig ib l e  in t e r f e rence  from laminar boundary 

l aye r s  rests on t h e  assumption t h a t  t h e  l aye r s  w i l l  be of normal thickness 

(on the  order of 1 mm). I n  t he  absence of any d i r e c t  observations t o  v e r i f y  

t h i s  assumption, four  precautions were taken i n  t h i s  inves t iga t ion :  

(1) The o p t i c a l  path w a s  taken 1.5 cm upstream from the  
end-wall, where t h e  f i r s t  r e f l e c t e d  shock appears 
w i th in  20psec. a f t e r  passage of t h e  inc ident  shock, 
and where spectroscopic sampling t i m e s  followed with- 
i n  5Ops a f t e r  passage of t h e  inc ident  shock. 
compromise pos i t ion ing  allowed minimal t i m e  f o r  boundary 
l a y e r  growth while s t i l l  avoiding t h e  reg ion  of poss ib le  
end-wall boundary l aye r s .  

This 

(2)  The temperature deducedfrom t h e  o p t i c a l l y  t h i c k  por t ion  
of Ha (c f .  Chapter V1) ' i s  more s e n s i t i v e  t o  boundary l aye r s  
chan t h e  o p t i c a l l y  t h i n  l i n e s  (i.e.,  HB and 
used t o  deduce plasma temperature. 

Tu' T t u r e s ,  

N e 1  A58521 
Since a l l  t h ree  tempera- 

and Tneon , agree t o  wi th in  experimental B 
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to le rance  of less than 1%, boundary l a y e r s  cannot 
be absorbing more than 3% of the  H, i n t e n s i t y .  

6 

-shock 

(3) Data f o r  t he  absolu te  in tegra ted  i n t e n s i t y  of 
C I  A5052 w a s  gathered over a range of 5 - 12x10 
dynes cm'2 i n  shock pressure.  
growth i s  acce lera ted  by going t o  lmer 
pressures ,  t h e  absence (c f .  Fig.51 ) of any 
systematic  v a r i a t i o n  with pressure  i n  the  measured 
A-value of C I  A5052 is  an add i t iona l  confirmation 
t h a t  boundary l aye r  e f f e c t s  are spec t roscopica l ly  
neg l ig ib l e .  

Since boundary l a y e r  

(4) The A-value of C I  A5052 deduced from the  l i n e ' s  
absolute  in tegra ted  i n t e n s i t y  agrees ,  t o  wi th in  
experimental to le rance ,  (cf .  Fig.8 ) with the  A-value 
deduced from t h e  r a t i o  of i n t e n s i t i e s ,  
relative t o  H e  . I f  boundary l aye r s  were s i g n i f i c a n t l y  
reabsorbing the  energy of C I  A5052, they would absorb 
proport ionately more from the  b r i g h t e r  l i n e ;  H e  , so  
these two measures of t he  C I  A5052 A-values would 
diverge with increas ing  boundary l a y e r  absorpt ion i f  it 
w e r e  s i g n i f i c a n t .  

C I  A5052 

The ex is tence  of t r a i l i n g  waves is  another b a s i s  f o r  object ion 

t o  the  1-D flow model. 

i d e a l  pe t a l ing  of diaphragms': 

T ra i l i ng  waves are weak shocks produced by non- 

they propagate along the  tube by diagonal 

r e f l e c t i o n  o f f  t h e  w a l l s .  I n  t h e  present  experiment diagonal waves were 

de tec ted  i n  f i r s t  r e f l e c t e d  flows on about 1 /4  of t h e  white-l ight x-t 

s t r e a k  photographs made during preliminary shock tube s tud ie s .  Sometimes 

they appeared s ing ly ,  bu t  occasional ly  whole ' 'fans" were observed. There 

w a s  no reproducible  p a t t e r n  t o  the  t r a i l i n g  waves. 

It is  j u s t  t h i s  l ack  of r ep roduc ib i l i t y  t h a t  over many shots  aver- 

ages out  any loca l i zed  per turba t ions  on the  s ta te  of the  plasma. One thus 

expects t h e  inf luence  of t r a i l i n g  waves t o  be  r e s t r i c t e d  t o  increasing the  

scatter i n  r e s u l t s  obtained by assuming a homogeneous l i g h t  source. For 

more than 90% of the  simultaneous s ta te .de te rmina t ions ,  and a l i k e  percentage 

P r i o r  t o  opening, a diaphragm assumes a hemispherical shape, s o  t h a t  t h e  ' 
f i r s t  d r i v e r  gas through the  newly opened diaphragm w i l l  have some ve loc i ty  
components perpendicular t o  t h e  tube ax i s .  
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of t he  A-value r e s u l t s ,  however, t h e  observed i s  not g rea t e r  than 

expected from a -p r io r i  estimates of signal-to-noise r a t i o s  and reading 

e r r o r s .  

f o r  t he  few anomalous d a t a  w e  obtained,) 

(We suspect t h a t  t r a i l i n g  waves are a t  least p a r t i a l l y  responsible 

I n  p a r t i c u l a r ,  t h e  several simultaneous temperature measurements 

would respond q u i t e  d i f f e r e n t l y  t o  loca l i zed  hot  (or cold) spots  along the  

spectroscopic l i n e  of s i g h t .  The temperature T derived from the  

o p t i c a l l y  t h i n  neon A5852 , is  t y p i c a l l y  5 t o  10 t i m e s  more responsive 

t o  a loca l i zed  ho t  spot  than is t h e  temperature , deduced from t h e  

sl i t-averaged o p t i c a l l y  t h i c k  po r t ion  of Ha (c f .  Chapter VI). Y e t ,  

Fig. 43  shows t h a t  over a 2,300’K range of temperatures t h e  deviations of 

neon ’ 

Ta 

from t h e  averaged temperature are not more than 2%. and Tneon 

Moreover, each of 10  - 15 pho toe lec t r i c  channels rout ine ly  employed 

gives a t i m e  h i s t o r y  of shock tube emission with reso lu t ions  of 0.5-5usec. 

The t y p i c a l  spectrograph o p t i c a l  path t r ave r ses  

of rays with mean rad ius  0.3 mm and mean s o l i d  angle 10 

s o  sampling regions are s m a l l  enough t h a t  photomultipliers can respond t o  

i n t e n s i t y  f luc tua t ions  loca l i zed  t o  t h i n  p lanar  regions perturbed by 

diagonal waves. 

those of Fig. 45 ; 

t i m e .  

1/20 of mean s i g n a l  level, could be detected on a l l  channels simultaneously, 

and so could no t  be ascribed t o  photomultiplier noise.  These bona f i d e  

f luc tua t ions  l a s t e d  t y p i c a l l y  no more than 5 - 7usec. , ( t r a n s i t  t i m e  of 

a diagonal shock across t h e  l i n e  of s i g h t ) ,  allowing d a t a  t o  be read e i t h e r  

earlier o r  later i n  t i m e . ’  

t h e  tube ax i s  i n  a penc i l  

-2 s t e rad ians ,  

For most shocks pho toe lec t r i c  records are similar t o  

t h a t  is ,  i n t e n s i t i e s  are constant or  slow varying with 

I n  perhaps 114 of the  shots  s m a l l  f l uc tua t ions ,  on the  order 1/10 - 
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E. Ta i lor ing  of Shock Conditions f o r  

O p t i m a l  Spectroscopic Observations 

Although our d a t a  i n d i c a t e  t h a t  hydrodynamically predicted 

exc i ted  s ta te  d e n s i t i e s  are not accura te  enough f o r  quantative spectro- 

scopy, w e  found t h e  Rankine-Hugoniot r e l a t i o n s  t o  be valuable f o r  pre- 

d i c t i n g ,  approximately, what i n i t i a l  conditions should be employed t o  optimize 

the b r igh tness ,  o r  t h e  line-to-background i n t e n s i t y  r a t i o ,  f o r  s p e c t r a l  

l i n e s  being s tudied .  For example: what combination of d r ive r  pressure ,  

, p1 , and relative concentration of CH i n  neon, p4 , test gas pressure  

C I  A50527? PCH4/Ptot ’ 

4 

w i l l  give t h e  g r e a t e s t  b r ightness  t o  

Given the  inc ident  shock speed i n  terms of t h e s e ’ t h r e e  va r i ab le s ,  

t he  Rankine-Hugoniot r e l a t i o n s  g ive  the  exc i ted  state dens i ty  of 

i n  the  f i r s t  r e f l e c t e d  shock region, 

C I  A5052 

NC , as 

Since shock speed is  monotone-increasing with d r i v e r  pressure ( f o r  constant 

), w e  always use the  h ighes t  convenient dr iv ing  pressure,  p1 and P CH4lPtot 

Therefore, t a i l o r i n g  plasma conditions t o  maximize = 1000 - + 100 p s i .  p4 

NC involves s e l e c t i o n  of an optimal P1 and PCH4’Ptot 

There are two ways of determining S1(pl, p /ptot)’: 
CH4 

‘We w i l l  assume t h a t  P4 i s  as near ly  constant as the  r e p e a t a b i l i t y  of dia- 
phragm breaking pressures (c f .  Chapter V) allows. 
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empir ica l ly ,  and by hydrodynamic predic t ions .  It has long been r ea l i zed  t h a t  

t he  hydrodynamic p red ic t ion  (Taub equation ) is  not  quan t i t a t ive ly  
28-31 , 70 r e l i a b l e  : it  assumes n o t  only 1-D shock tube flows, as do t h e  

Rankine Hugoniot equations,  bu t  a l s o  t h a t  t h e  diaphragm separa t ing  the  

test and d r i v e r  gases i s  instantaneously removed by some process t h a t  ne i the r  

i n t e r f e r e s  with t h e  shock tube flows nor requi res  t h e  expenditure of energy. 

Figure 2 1  presents  d a t a  f o r  inc ident  shock speeds (measured i n  t h e  

v i c i n i t y  of t h e  test sec t ion )  as functions of p /p , where p i s .  

approximately constant.  

%Z CH 4 

shown. 

4 1  4 

T e s t  gases are composed of 1% CH4 + 99% neon and 

Predic t ions  of t he  Taub equation are a l s o  + 3;% CS2 + 99% neon. 

Throughout most of t h e  range p4/p1= 1,500-10,000, our r e s u l t s  f a l l  

sys temat ica l ly  low with respec t  t o  the  Taub equation by .06-.10cm/~sec(20-30%). 

This discrepancy is l a r g e r  than usua l ly  reported by authors using shock tubes 

of s i m i l a r  dimensions and working pressures :  

t h i ck  diaphragms ( c f .  Chapter V) of s o f t  aluminum, whose expected long 

opening t i m e s  are believed t o  choke-off some of t he  i n i t i a l  flows during 

however, w e  employ unusually 

formation of t he  inc iden t  shock. 

From t h e  l a r g e  scatter i n  S1 a t  constant p /p it i s  obvious 4 1  

t h a t  our shock tube plasmas are not  reproducible. 

gases and using i d e n t i c a l  diaphragms may vary i n  speed by as much as 10% 

(even when t h e  diaphragms break a t  i d e n t i c a l  d r iv ing  pressure.)  

i n g  of heavy diaphragms i s  a highly irreversible process which w e  do not 

observe; therefore ,  we can only i n f e r  t h a t  t he  scatter i n  S1 is  due 

t o  d i f f e rences  i n  kinematic behavior of ' ind iv idua l  diaphragms. 

Shocks i n  i d e n t i c a l  test 

The break- 

78 
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The maximum observed shock speeds form a smooth envelope over t he  

d i s t r i b u t i o n  of S1 versus p4/p1 d a t a  i n  Fig.21 . We take t h i s  set of 

maximum speeds a t t a i n a b l e  with our equipment, drawn as a s o l i d  curve i n  

the  f i g u r e ,  t o  de f ine  

+ 99% neon test gases. Since p4 var ied  between 900-1,000 p s i  f o r  these  

da t a ,  t o  good approximation: 

2 
) f o r  1% CH4 + 99% neon and 4% CH + 4% CS S1(p4, p1 4 

S1(P1’ P4) = S1(P1) 1 
p4 = 1000 p s i  

Combining real-gas Rankine-Hugoniot equations with t h e  empirical 

r e l a t i o n  S (p 1 3  , w e  p l o t  i n  Fig.22 t h e  exc i ted  state populations of 

s eve ra l  prominent s p e c t r a l  l i n e s  as functions of 

t he  lines; Hg , ,  , C I  X5052, S I  AX4695 and N e 1  A5852 t he re  is a 

unique i n i t i a l  p ressure ,  p1 which w i l l  give maximum i n t e n s i t y .  The 

lower t h e  e x c i t a t i o n  energy of a l i n e ,  t he  higher t h e  i n i t i a l  pressure (and 

the  lower t h e  r e f l e c t e d  shock temperature) required t o  i m p a r t  t he  maximum 

br ightness  t o  t h e  l i n e .  

1 1 P4 
W e  note t h a t  f o r  a l l  1 ’  p 

I n  Fig. 23 we show the  exc i ted  state dens i ty  of C I  A5052 as 

and a func t ion  of spectroscopic add i t ive  gas i n  a neon carrier with 

We employ an approximate experimental r s l a t i o n s h i p ,  

p 1 

fixed. p4 

f o r  t h e  e f f e c t  of a d d i t i v e  gas on shock speed. 

of C I  A5052 

It is  seen t h a t  t he  br ightness  
.. 

cannot be increased i n d e f i n i t e l y  simply by enriching the  

relative carbon concentration i n  t h e  test gas. 
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TEST GAS: ?%CS2+~%CH4+99%NEON I I 
- 

DRIVER GAS: CO 
* [S,(P, I] IS DETERMINED EXPERIMENTALLY 

p4 

4 5 6 7 0 9 1 0  15 20 30 

INITIAL PRESSURE, Torr 

* 
Fig. 22: Maximum Excited State  Densi t ies  Attainable  With Current Apparatus 

as Function of T e s t  G a s  I n i t i a l  Pressure.  
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CHAPTER V 

EQUIPMENT 

A. The Shock Tube 

1. General descr ip t ion  and design considerations.  The 

shock tube is made of mild steel. Various lengths  of expansion sec t ion  

have been used between 92" and 150", while  the d r i v e r  s ec t ion  i s  48" long. 

The flow channel has  a rectangular  c ross  sec t ion  of ( in t e rna l )  height 3.64" 

and width 2.64".  Ins ide  corner r a d i i  are approximately . O l O " .  I n t e r i o r  

sur faces  are cadmium pla ted  t o  r e t a r d  cs r ros ion .  Maximum d r i v e r  pressure 

is  1800 p s i .  Two views of t h e  shock tube and associated equipment a re  

given i n  Fig. 24 and 25.  

Before going i n t o  d e t a i l s  of t h e  shock tube 's  construct ion w e  

mention some of t h e  conf l i c t ing  considerat ions en ter ing  in to  t h e  design of 

a conventional (cold d r ive r )  shock tube intended f o r  atomic spectroscopy. 

One must decide between a c i r c u l a r  and a rectangular  c ross  sect ion.  The 

rectangular  geometry provides a laminar plasma which f a c i l i t a t e s  t he  ana lys i s  

of r a d i a t i o n  from an extended source', and a l s o  allows t h e  f i t t i n g  of plane 

windows, which are both easier t o  make than cy l ind r i ca l  windows and do not 

act as lenses .  These advantages are bought dearly--a rectangular  shock 

tube takes  t w i c e  as long t o  bu i ld ,  and cos t s  t w i c e  as much, as a c i r c u l a r  

one of comparable s i z e  and performance. This i s  because heavy-walled 

c i r c u l a r  s tock  i s  ava i l ab le ,  but only thin-walled rectangular  tubing is  

cu r ren t ly  marketed and t h i s  requi res  ex terna l  reinforcement t o  withstand 

'Because of t h e  homogeneity of shock tube flows, however, even with a 
c i r c u l a r  c ross  sec t ion  the re  is  no need f o r  Abel inversion as with DC arcs. 

9 3  
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the usual working pressures. Also, construction of flanges and other 

machining operations can be accomplished by turning (on a lathe) for 

circular geometries but require milling operations for rectangular geo- 

metries. 

a small but cumulative build-up of pump oil and spectroscopic additive 

decomposition products on the walls), because there are no hard-to-reach 

corners, and because circular tubes can be honed to a high polish and are 

Moreover, circular tubes are far easier to keep clean (there is 

available in non-porous and non-corrosive materials such as stainless steel. 

Choice of the internal dimensions involve a compromise between 

performance and costs. 

scopic and hydrodynamic reasons. 

A large cross section is desirable for both spectro- 

At a given plasma temperature the optical 

depth of optically thin lines will be proportional to optical path length 

through the source, and a factor of 2X in optical depth changes the photo- 

metric signal to noise ratio by more than two in a line-minus-local-continuum 

measurement. 

less will be relative disruptions in space-averaged quantities caused by 

local plasma inhomogeneities. A large cross section also improves shock 

tube hydrodynamic performance. The total volume of boundary layers (at 

given flow conditions) is proportional to the tube's circumference while 

Moreover, the greater the extent of the source region the 

total plasma volume is proportional to cross sectional area. Hence, the 

relative influence of boundary layers upon shock tube flows will diminish 

inversely with shock tube diameter. 

however, scale at something like the tube diameter cubed. 

Construction and operating costs, 

Doubling the tube 

eans doubling the stress on walls, as well as doubling the wall's 

calling for four times the amount of structural wall material 

per foot of length. 

takes a fixed number of tube diameters to establish a well-formed shock.. 

The length of the tube must also increase sinc3 it 
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Shop t i m e  a l s o  rises because a machinist can cu t  metal only a t  a given 

rate. The volumes of test  gas and d r i v e r  gas needed t o  produce and main- 

t a i n  a des i red  plasma w i l l  a l s o  scale roughly as t h e  tube diameter cubed. 

The relative lengths  of d r ive r  and expansion sec t ions  i s  discussed by a 

number of authors .  69-72 

When a cold d r i v e r  shock tube i s  intended f o r  study of t h e  l i g h t  

elements and t h e i r  ions ,  t h e  high exc i t a t ion  energ ies  made it espec ia l ly  

important n o t  t o  underdesign t h e  maximum dr iv ing  pressure.  

creased d r iv ing  pressures  ca l l  f o r  heavier  cons t ruc t ion  of both d r i v e r  and 

Although in- 

expansion sec t ions  (which must withstand terminal s t a t i c  pressures) ,  the  

extra few hundred degrees of source temperature r e s u l t i n g  from an  ex t r a  

few hundred p s i  d r iv ing  pressures  can o f t en  make t h e  d i f f e rence  between 

bare ly  exc i t i ng  a des i red  s p e c t r a l  l i n e  t o  a de tec t ab le  i n t e n s i t y  o r  

enhancing i t s  br ightness  t o  use fu l  levels. The present  system w a s  designed 

t o  t h e  1800 p s i  maximum del ivery  pressure of commercial 200 cubic foot  

hydrogen cyl inders .  

2. Construction d e t a i l s .  The core of t he  shock tube i s  cold-rolled,  

t mild s teel  tubing, r e s i s t ance  welded with in s ide  f l a s h  removed . Wall thick- 

ness  is  0.180" and mean i n s i d e  su r face  f i n i s h  (measured with a Brush Surface 

Tester) i s  .000125". Hydrostat ic  t e s t i n g  soon made clear t h e  necess i ty  of ex te rna l ly  

re inforc ing  t h i s  tubing. Under hydros t a t i c  loading the  tube swelled i n  

an e f f o r t  t o  assume an  e l l i p t i c a l  c ross  sec t ion ;  t he  r e l a t i v e  sewlling 

a t  t he  midpoints of t he  4" s ides  w a s  

and 4.5% a t  600 p s i .  

0.4% a t  200 p s i ,  1.0% a t  400 p s i ,  

Cold working a t  t he  corners caused rupture  a t  2600 p s i .  

'Supplied by Ryerson S t e e l  o r  U.S.S. 
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Differen t  methods of reinforcement w e r e  adopted f o r  t h e  d r ive r  sec t ion ,  

which has no instrument p o r t s ,  and f o r  t h e  expansion sec t ions  where ease 

of test p o r t  i n s t a l l a t i o n  is  a major concern and where s t a t i c  pressures 

140" t o  be withstood are only -- 4811 %1/3 as g rea t  as i n  t h e  d r ive r .  

The expansion sec t ions  are re inforced  by t h e  use of heavy 

p l a t e s  and clamps as shown i n  Figs. 26 and 27. The tube i s  sandwiched 

between k? bar s tock  a t  top and bottom ( t h e  3" faces) and 1" bar s tock  

along t h e  s i d e s  ( t h e  4" f aces ) .  These p l a t e s  are forced aga ins t  t h e  tube 

by b o l t s  r e t a ined  i n  enc i r c l ing  clamps constructed of lY1 bar stock. 

torque wrench insures  uniform compression. 

8" apart ,  t h e  tube ' s  swelling (measured as before),midway ,between t h e  

clamps i s  reduced t o  .13% a t  200 p s i ,  .26% a t  400 p s i  and .3% a t  600 p s i .  

The tube showed no evidence of elastic hys t e re s i s .  

A 

When t h e  clamps are spaced 

Shock tube f langes  are cu t  from 1 ' l  steel p l a t e  and a r e l i e f  groove 

i s  milled 1/8" back from a l l  sur faces  mating t h e  t h i n  walled tube i n  order 

t o  minimize drawing and oxida t ion  of t h e  lat ter during welding. 

f langes  are f i t t e d  with t ape r  p ins  f o r  p o s i t i v e  pos i t ion ing .  

Opposing 

The test 

s e c t i o n  is  terminated by a plug which advances t h e  r e f l e c t i n g  plane f o r  

inc ident  shocks i n t o  t h e  f i e l d  of view of two p a i r s  of windows used t o  

c o l l e c t  spectroscopic da ta .  

with t h e  tube ' s  i n s i d e  surface.  

. and t h e  thin-walled rectangular shock tube. 

The plug i s  hand-finished t o  conform c lose ly  

Figure 28 shows t h e  union between a flange 

Seven test p o r t s  are spaced along t h e  top of t h e  expansion 

sec t ions .  

gauges, o r  s m a l l  windows can be used interchangeably a t  these  sites. 

inch diameter ho les  are cu t  through t h e  re inforc ing  ba r s  and t h e  por t ion  

of t h e  tube thus exposed is  f in i shed- f l a t  with an end m i l l  so i t  w i l l  seal 

aga ins t  t h e  O-ring c a r r i e d  i n  t h e  shoulders of t he  d iagnos t ic  plugs. A one-half 

Pressure t ransducers ,  t h i n  f i l m  re s i s t ance  gauge;? ion iza t ion  

One 
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inch hole  i s  then c u t  through t h e  shock tube w a l l :  

d iagnos t ic  plug passes through t h i s  ho le  and f i t s  f l u s h  with t h e  tube ' s  

flow channel. 

Allen b o l t s .  

plug are shown i n  Fig. 27. 

t he  end of t h e  

Hold-downs are anchored i n  t h e  re inforc ing  bars  by 1/4" 

A t y p i c a l  test p a r t  s i t e  and a blank (dummy) d iagnos t ic  

Spectroscopic viewing i s  done primarily through two d iamet r ica l ly  

opposed windows on the  s i d e s  of t h e  test sec t ion ,  s t a r t i n g  1/32" i n  f ron t  

of t he  end w a l l  and extending 4" upstream from it .  

he ight  i s  1/2". 

spectroscopic vantage poin t  t o  be taken anywhere along the  window's 4" ex- 

t e n t .  Two slab's of Pyrex g l a s s  o p t i c a l l y  cemented toge ther ,  r a t h e r  than a 

Effec t ive  window. 

Two window designs w e r e  employed. The f i r s t  allows the  

s i n g l e  machined p iece ,  w e r e  used both f o r  ease of cons t ruc t ion  and s a f e t y  (on 

several occasions t h e  inner  g l a s s  cracked but  t he  ou te r ,  t h i cke r  g l a s s  remained 

i n t a c t ) .  

t i o n  and abrasion ( i f  not f a t igu ing )  cal l  f o r  t h e i r  replacement. They have the  

drawback t h a t  g rea t  care must be exercised t o  in su re  t h a t  no por t ion  of 

t he  g l a s s  a c t u a l l y  contac ts  t h e  steel  shock tube w a l l s .  Otherwise, the  

l o c a l  stress during shock passage w i l l  invar iab ly  break them. A s i n g l e  

Windows of t h i s  design have a l i f e  of 20-50 shots  before discolora- 

l a y e r  of Teflon tape  on a l l  sur faces  abut t ing  the  shock tube w i l l  r e l i e v e  

cr i t ical  stresses but  progressive e ros ion  of t he  t a p e  introduces contamin- 

a t i o n  i n t o  the  shock-heated plasma a t  t h e  least des i r ab le  tube loca t ion .  Also,  

a Teflon gasket car ry ing  two O-rings t h a t  seal the  window re laxes  a f t e r  i n i t i a l  

i n s t a l l a t i o n  and the  r e q u i s i t e  r e t igh ten ing  makes i t  d i f f i c u l t  t o  pos i t i on  

t h e  windows' i nne r  f ace  exac t ly  with re ference  t o  t h e  tube ' s  inner w a l l s .  

A second design has 1/2" by 1/2" windowk'epoxied i n t o  a brass  o r  aluminum 
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dummy" window which i t s e l f  carries an O-ring. The problems here  are 11 

t o  secure  a vacuum t i g h t  epoxy seal and t o  remove t h e  s m a l l  window f o r  

r ep lacement . 
The d r i v e r  s e c t i o n  de r ives  i t s  s t r e n g t h  from a 5y1 I D ,  1/2" 

t h i c k  c i r c u l a r  p ipe  set coax ia l ly  around t h e  3"x4" thin-walled tube. 

The void between t h e s e  two cy l inde r s  i s  f i l l e d  with high dens i ty  concrete.  

The University of Maryland Sand and Gravel I n s t i t u t e  prepared a high 

dens i ty  concrete r a t e d  a t  2700 p s i  compressive loading y e t  having a. small 

aggregate s i z e  t o  promote easy flowing. 

p l a s t i c ,  t h e  3" X 4 "  thin-walled tube cannot deform unless  t h e r e  i s  y i e l d  

i n  t h e  heavy ou te r  pipe. (A t h i n  in su la t ing  l a y e r  of sand should be used 

wherever t h e  concre te  abuts  a po r t ion  of t h e  p ipe  t o  be welded-otherwise 

steam w i l l  evolve and vent through t h e  molten welds). 

on r o l l e r s  so it may be s l i d  backwards f o r  easy access t o  diaphragms, 

which are locked between t h e  d r i v e r  s ec t ion  and t h e  breech. 

Because the  concrete i s  not 

The d r i v e r  rests 

The breech holds the  diaphragm and serves  as t h e  junc t ion  be- 

tween t h e  shock tube and t h e  vacuum system. It is cu t  from a s o l i d  b i l l e t  

of mild steel and i t s  flow channel matches those of t h e  d r i v e r  and expan- 

s i o n  sec t ions .  Three concent r ic  r idges  .005" high b i t e  i n t o  t h e  r i m s  of 

t h e  diaphragms t o  prevent t h e i r  creeping. For p o s i t i v e  sea l ing  both t h e  

high and low pressure  s i d e s  of t h e  diaphragm should seat aga ins t  O-rings 

since p res su r i z ing  t h e  d r i v e r  s t r a i n s  t h e  driver-to-breech clamping b o l t s  

enough t o  unseat a metal-to-metal seal. 

t h e  (downstream s i d e  of the)  diaphragm, a l l  corners are broken i n  1 / 4  

r a d i i  t o  prevent open diaphragms from 'shearing of f  t h e i r  p e t a l s  a t  t h e  

r o o t s  (c f .  Fig.30 ). Diaphragm reloading is  speeded by using t h e  clamping 

arrangement a l s o  shown.in Fig. 28, which r equ i r e s  t h e  breech b o l t s  t o  be 

only slackened, r a t h e r  than ex t rac ted  from t h e i r  nu t s ,  f o r  removal. 

Where t h e  3"x4" channel m e e t s  
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The p i s ton  valve,  shown in  longi tudina l  sec t ion  i n  Fig. 32, 

mounts onto t h e  breech a t  r i g h t  angles t o  t h e  shock tube ax is .  When the 

valve is closed, t h e  end of t h e  p i s ton  f i t s  f l u sh  with t h e  tube's flow 

channel. 

breech t o  provide a high pressure seal. 

groove so it w i l l  not f a l l  out  during cycling operations.  

i s  open (p is ton  f u l l y  re t rac ted)  t h e  valve o f f e r s  a 4" throughput f o r  

rapid vacuum pumping i n  t h e  molecular pressure regime. 

An O-ring ca r r i ed  i n  t h e  p i s ton  mates aga ins t  t h e  s ide  of t h e  

This O-ring sits i n  an undercut . .  

When the  valve , .  

The p is ton  r ides  

back Fnd f o r t h  on - .  an ajax screw mounted on a t h r u s t  bearing. 

valve i s  open o r  cycl ing,  two X-shaped O-rings(" Quad-rings") on t h e  

p is tons '  OD push aga ins t  t h e  highly polished bore of t h e  valve t o  provide 

When t h e  

vacuum seal ing.  A s  a precaution aga ins t  leakage induced by wear i n  

these  O-rings, o r  sc ra tches  i n  t h e  p i s ton  bore, t h e  bonnet of t he  valve i s  

kept evacuated by a s m a l l  aux i l i a ry  mechanical pump. The bonnet i s  i s o l a t e d  

from t h e  bore of t h e  valve by an O-ring seal about t he  s t e m  of t h e  a jax  

screw. Performance of t h i s  valve has been very sat isfactory-- in  t h e  course 

of hundreds of cyc les  no helium de tec tab le  leaks have developed. 

3. DiaDhramn se lec t ion .  DreDaraaoi a ad Derf 0- . Diaphragm 

OD is 6*5" with an e f f e c t i v e  load-bearing diameter of approximately 5". 

X-shaped r e l i e f  grooves (diagonals of a 3" x4" rectangle)  are made on the  

downstream face  t o  promote good breaking pressure reproducib i l i ty  and t o  

discourage t h e  shedding of l a rge  fragments. 

choice of diaphragm material, these  grooves ( scr ibes)  accomplish ne i the r  

However, without a judicious 

object ive:  

p e t a l  shedding was  too frequent.  

copper diaphragms held together  w e l l ,  t h e i r  breaking pressures could not be 

with cold-rolled steel, alloyed copper, and tempered aluminum, 

Although annealed mild steel and dead-soft 
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t maintained wi th in  s a t i s f a c t o r y  to le rances  . Dead-soft aluminum 

(Alcoa #1-S o r  #11,000) gave good breaking pressure ,  r ep roduc ib i l i t y ,  

and p e t a l  r e t en t ion .  

t e n s i l e  s t r e n g t h  and high d u c t i l i t y  adversely a f f  c t  shock tube perfor- 

mance and i t s  extreme so f tnes s  r equ i r e s  t h e  shee t  s tock  t o  be masked with 

This material w a s  adopted even though i ts  low 

adhesive paper a t  t h e  f ac to ry  t o  prevent marring during normal handling. 

The low tensile s t r e n g t h  made it  necessary t o  go t o  

of t = .125" t o  ob ta in  des i r ed  breaking pressures  

1400 p s i .  The l a r g e  masses of t h e  diaphragm p e t a l s  

diaphragm thicknesses 

i n  t h e  range 1000 - 
prevent s h o r t  opening 

31 9 $8 t i m e s  and tend t o  choke of f  t h e  i n i t i a l  d r i v e r  gas flows. 

high d u c t i l i t y  t h e  diaphragms bow-out more than 1" befo re  opening: 

ecause of t h e i r  

with 

t h e  flow channel's s m a l l  dimension being only 2.64", t h i s  means t h a t  a 

l a r g e  component of t h e  i n i t i a l  flows w i l l  be was tefu l ly  expended i n  d i r ec t ions  

normal t o  t h e  tube w a l l s .  These diagonal flow components a l s o  generate 

70 diagonal waves which can d i s r u p t  t h e  homogeneity of t h e  shock tube plasma. 

Large diaphragm th ickness  and high d u c t i l i t y  are f e l t  t o  be responsible f o r  

t h e  present  shock tube ' s  i n a b i l i t y  t o  match similar tubes i n  shock speeds 

a t  given i n i t i a l  p ressure  r a t i o  p4/pl.  Figure29 gives t h e  breaking 

c h a r a c t e r i s t i c s  f o r  diaphragms of a v a r i e t y  of thicknesses and materials 

with two d i f f e r e n t  methods of s c r i b e  preparation. 

a t ion"  r e f e r s  t o  whether t h e  diaphragm d i d  no t  open complete1.y (8<75", 

The "petaling configur- 

s c r i b e  depth too  g r e a t ) ,  opened with p e t a l s  l y ing  f l a t  aga ins t  t h e  w a l l s  of 

t h e  breech (7So<8s9O0), o r  rebounded off t h e  breech w a l l s  with s u f f i c i e n t  

fo rce  t o  end up poin t ing  i n t o  t h e  d r i v e r  (0>180°). The la t te r  behavior 

a .  

A cold-driver shock tube is  t expected t o  reproduce shock speeds t o  
t 
b e t t e r  than a few per  cent. However, some semblance 'of r ep roduc ib i l i t y  
is necessary f o r  t he  p re t r igge r ing  of CRO traces and f o r  t h e  adjustment 
of CRO ga ins  t o  g ive  reasonable d a t a  d isp lays .  
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w a s  

a t  t h e  po in t s  of p e t a l  impact. 

and a complex curva ture  designed t o  cause maximum 

p e t a l s ,  thereby depriving them of excess k i n e t i c  energy. 

one from before,  and t h e  o the r  following, i n s t a l l a t i o n  of t h e  ca tcher  

are shown i n  Fig. 30. 

subsequently eliminated by i n s t a l l i n g  catching p i t s  i n  t h e  breech 

These p i t s  have a maximum depth of Y' 

Spent diaphragms, 

Both mean breaking pressure  ( c f .  Fig. 29) and scatter i n  break- 

ing  pressure  (c f .  Fig. 31) depend s t rongly  on t h e  method of making t h e  

diaphragm grooves. 

c u t t i n g  wheel of 60' included angle. 

d r iven  by a 6 ton drop-press (drop-forge) gave s u b s t a n t i a l l y  improved 

I n i t i a l l y  they were made i n  a vertical m i l l  using a 

Switching t o  a die-mounted blade 

r ep roduc ib i l i t y ,  as seen i n  Fig. 31, higher breaking pressures  f o r  a 

given groove depth and diaphragm thickness (ef. Fig. 29), and a l s o  saved 

many hours of shop t i m e .  

b i l i t y :  

causes them t o  buckle s l i g h t l y ,  so  a m i l l  can not c u t  t o  a uniform depth 

but  t h e  d i e  blade fo rces  t h e  diaphragm f l a t  under i ts  impac t ;  a l s o ,  a 

gauge block is used t o  arrest t h e  t r a v e l  of t h e  d i e  and r e s u l t s  i n  f i n e  

There are two reasons f o r  t he  b e t t e r  reproduci- 

when t h e  diaphragm blanks are c u t  from shee t  s tock  s t r e s s - r e l i e f  

to le rances .  

t h e  work-hardening of material ly ing  d i r e c t l y  under t h e  blade. 

A rough measure of t h e  spontaneous bu r s t ing  pressure  

The reason f o r  t h e  higher breaking pressure  is thought t o  be 

pB 
70 

f o r  unscribed c i r c u l a r  diaphragms is: 

where .  t = diaphragm thickness 
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MATERIAL - ALUMINUM, #I 100 
THICKNESS - 125 i2 mils 
SCRIBE DEPTH - 44 f 3 mils 
PREPARATION-CUT ON VERTICAL MILL 

p, = 534 psi 
CI 

=6.9% uRMS - 
Pt3 

MATERIAL- ALUMINUM, # I100 
THICKNESS - 125 i 2 mil Is 
SCRIBE DEPTH-30f l  mills 
PREPARATION- PRESSED ON DROP-FORGE 

m 
p, = 1051 psi 

3 IC 0 
BREAKING PRESSURE, psi ---* 

I100 I120 

Fig. 31: Reproducability of Breaking Pressure for Two Types of 

Diaphragm Scribe Preparation. 
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= ul t imate  t e n s i l e  s t r eng th  f u l t  

D = unsupported diameter . 
The breaking pressure of scr ibed diaphragms depends on t h e  

thickness  (t - d) remaining beneath t h e  maximum groove depth d , 
and t h e  l o c a l  tensile s t r eng th  of material at  t h a t  site (which is  

d i f f e r e n t  than i n  the  bulk of t h e  diaphragm). Moreover, when d be- 

comes a s i zeab le  f r a c t i o n  of t , say - >.5 , t h e  s t r e s sed  diaphragm 

no longer deforms t o  assume t h e  shape of a spher ica l  (or i n  t h e  present 

d 
t 

case, an e l l i p t i c a l )  sec t ion ,  but  r a the r  concentrates  a l l  t h e  s t r a i n  a t  

t h e  groove sites giving t h e  s t r e s sed  diaphragm a prismoidal appearance. 

A crude model f o r  t he  breaking phenomena suggested t r y i n g ' t o  c o r r e l a t e  

t he  da t a  of Fig.29 by t h e  r e l a t ion :  

312 C ( t  - d) 

'B Dt' 

where C is  a lumped empir ical  constant depending on the  method of 

s c r i b e  preparat ion,  t h e  c ros s  sec t iona l  

diaphragm material used. This equation 

dependence on t i n  t h e  l i m i t  d + 0 , 

share  of t h e  shock tube, and 

gives  t h e  co r rec t  funct ional  

and within t h e  l i m i t s  .1 2 4 2 .5 , 
f i t s  t he  d a t a  of Fig.29 reasonably w e l l .  

is  t h a t  once C is  es tab l i shed  f o r  a p a r t i c u l a r  pB , it enables t h e  

operator  t o  prepare a supply of diaphragms giving des i red  breaking pressures 

over a f a c t o r  of 2. 

The u t i l i t y  of t h i s  r e l a t ionsh ip  

4. Gas de l ivery  and evacuation svstems and equioment f o r  handl- 
3 

I .  

inn d r i v e r  gas. The d r i v e r  gas (usual ly  hydrogen) i s  drawn from 200 f t .  

cy l inders  with 1800 - 2000 p s i  maximum pressure.  Cascading with a three  
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1. 

2. 

3 .  

4. 

5. 

6 .  

7. 

8 .  

9. 

10. 

11. 

12. 

Interior of shock tube, 
short (2.7") dimension. 

O-ring, groove undercut 
to prevent unseating 
during cycling. 

O-ring: seals body to 
shock tube breech section. 

Relief groove. 

4" diameter pipe to 
vacuum system. 

"Quad-Rings" : provide high 
vacuum seal during cycling. 

Piston (brass). 

Ajax screw. 

Fore-chamber ; can be 
evacuated by an auxilliary 
pump if leakage develops 
in "Quad-Rings," a, or 
cyclinder bore gets scratched. 

Body (mild steel). 

O-ring; seals stem of Ajax 
screw if 2 is evacuated. 
Thrust bearing. 

Fig. 32: Cut-Away View of 4" Main Valve. 
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station manifold utilizes the contents of the cylinders down to a few 

psi gauge pressure. 

through a port in the end 'flange. 

as not to hamper the:mobility of the driver. 

an 18" , 0 - 2000 psi Hekse Bourdon gauge, shock-protected by six feet 
of .020" ID stainless steel' capillary (resistive element) and a small 

high pressure flask (capacitive element). 

on the driver's end flange affords good conductance during 

pump-down. 

High pressure gas is introduced into the driver 

High pressure flex hose is used so 

Pressure is recorded by 

A 1" bor iston valve mounted 

preparatory 

After shooting, a quick-opening toggle valve entering a 1/4" 

exhaust line vents the used hydrogen outside of the building. 

remaining in the tube at ambient pressure is then removed'by an outdoors- 

vented mechanical pump. A schematic diagram of the shock tube and its gas 

Hydrogen 

handling equipment is shown in Fig. 33. 

I 5 ;  The vacuum system. A 15 cubic foot/minute Duo-Seal pump 

-alternately roughs down the system and backs a 4". PMC 720 diffusion pump. 

Backstreaming, which tends to build up hydrocarbm deposits on the shock 

tube walls, is reduced by a BC-40 chevron baffle cooled to -3O'C by a 
I 

1/4 hp compressor working on a mixture of 80% Freon 12 and 20% Freon 22. 

A liquid nitrogen filled BC-40 baffle added in series to the refrigerated 

baffle keeps the tube cleaner by stoping backstreaming but does not reduce 

the pump-down times significantly. 

in the foreline of the mechanical pump to reduce its back flow when 

roughing against tens of micron pressure. 

valves, and shock tube expansion sections) was free of leaks detectable 

on a helium mass spectrograph with sensitivity of 

feet/hour, an ultimate base pressure of 4 xlO-%orr 

A %'I Kane molecular sieve was placed 

When the system (manifolds, 

. .  
3 x ~ O - ~  cubic micro- 

could be achieved in 

the test section 24 hours after exposure to atmosphere. This corresportded 
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1. 
2. 
3. 
4. 
5. 
6. 
7 .  
8. 
9. 

IO. 
II. 
12. 
13. 
14. 
15. 
16. 
17. 

200Opsi DRIVER GAS CYLINDERS 
TANK PRESSURE GAUGE 
HEISE 0-2OOOpli DRIVER PRESSURE GAUGE 
SURGE-TANK GAUGE SHOCK PROTECTION 
6' STAINLESS STEEL CAPILLARY TUBE 
HzVENT TO OUTDOORS 
WINDOW FOR AXIAL VIEWING 
WINDOW FOR LATERAL VIEWING 
TEST SECTION 
FIRST EXPANSION CHAMBER 
SECOND EXPANSION CHAMBER 
BREECH SECTION 
ORJVER SECTION 
DIAPHAGM 
4" MAIN VALVE 
MAIN MANIFOLO 
VRC4" GATE VALVE 

18. VEECO 4" BAFFLE 
19. 4" PMC-721 DIFF~SION PUMP 

GAS CYLINDERS 

33. ~ ~ G H I N G  

Fig. 33: Schematic Representation of Shock Tube and Associated Gas 

Handling Equipment. 
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-4 to a leak rate of 4 x 1 0  Torr/min with pumps blanked off. It 

was found that backfilling the shock tube with super-dry 

to changing diaphragms, reduced pump-down times by factors of 3 - 4 

below those required when atmosphere was admitted into the tube. 

relief valve is fitted to the N2 
gate valve and other vacuum components. 

outgassing had subsided to a (virtual) leak rate of approximately 10-3Torr/ 

minute: 

shots/hour. 

N2 preparatory 

A pop-up 

delivery line avoided straining the 

Most data runs were made after 

at this level of vacuum the system's cycling rate was 2 - 3 

Several minor catastrophes led to the following safety features: 

in case of cooling water failure the diffusion pump automatically switched 

t off ; in case of power failure a manual reset is required to start the 

pumps, eliminating the danger of motor burn-out when hot mechanical pumps 

freeze" after a momentary power disruption; standby air bottles are 11 

equipped with a system of check valves which continue to supply the 

pneumatically actuated vacuum valves when the building's air compressor 

fails. The VRC pneumatically actuated 4" gate valve will automatically 

isolate the diffusion pump if system pressure exceeds .1 Torr. 

caution against blowing-up the vacuum system by inadvertent exposure to 

high pressure (failure to seat the 4" high pressure piston valve), the 

system is fitted with an aluminum foil pop-out diaphragm to vent the 

system externally if pressures exceed 40 psi 

A s  a pre- 

. 
To routinely check outgassing rates and to monitor for the 

inevitable re-appearance of leakage, a multichannel LKB Pirani gauge was 

used. One channel sampled pressures in,an arm of the main manifold 

' Flow actuated switches supplied by Hayes Manufacturing Co. 
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situated between the shock tube and vacuum system where conductance 

to the diffusion pump is the same as from a point midway down the 

tube. 

a two-minute period was recorded: 

system was allowed additional outgassing time. 

regardless of outgassing time is real and the leak source must then be 

located by a helium leak detector. 

Prior to every run the total (real plus outgassing) leakage in 

if this exceeded 3 x 1013Torr , the 
Leakage that persists 

Another channel of the LKB gauge is situated on the exhaust 

line of the forepump to give warning of deteriorating pump oil, burnt-out 

diffusion pump heaters, broken belt drives, or similar malfunctions. 

Both channels of the LKB gauge are calibrated against a dry-ice trapped 

McLeod gauge down to 10 Torr . When the system is periodically overhauled 
to maintain high vacuum, a CVC ionization gauge monitors pressure down to 

-5 

5 x 10m7Torr , the base pressure attainable when no helium detectable leaks 
exist and vacuum pumping has been uninterrupted for several days. 

6 .  Test pas handling ecluhment. Test gases, typically composed 

of a 1% spectroscopic additive in a neon "carrier" gas, are introduced 

through a central manifold containing facilities for mixing, metering and 

storage. 

For quantitative spectroscopy, test and carrier gases are not 

blended within the shock tube, as this often leads to uncertainty in the 

partial pressure of spectroscopic additive at the test sectign. 

example, to make 10 Torr of a 1% CH in neon mixture, one must first 

admit 0.1 Torr of CH4 into the system and subsequently add 9 . 9  Torr of 

neon. The initial influx neon can sweep methane along with it, thereby 

enriching the methane concentration at the tube extremities (the test 

For 

4 

,. 
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section). Since there is essentially no convection within the tube, 

diffusion must be relied upon to re-establish an equilibrium partial 

pressure of methane throughout the system--but leakage compels the tube 

to be fired within 1 - 3 minutes after loading the test gas, so there 

may not be time to equilibrate, 

To avoid this problem, test gases are drawn from bottles, 

either premixed and analyzed commercially in 25 liter or 50 liter 

quantities, or are previously prepared in the manifold, and then stored, 

in 10-30 liter batches, in corrosion-resistant cylinders. All metal 

("high purity") regulators were fitted to gas bottles whenever possible as 

t 

these substantially reduced air contamination. 

several feet of 1/16!' OD stainless steel capillary tube terminating in 

Nupro fine-metering valves. This arrangement allowed for good control 

In series 'with these are 

of flow rates, permitting shock tube filling times of half a minute. 

Moreover, the high flow rates within the small bored capillary did not 

allow constituents to demix 'J. according to their different thermal velocities 

at ambient temperature. 

Test gas pressures, varying between 4 and 60Torr, were read on 

Wallace and Tiernan 8" diaphragm gauges with 0-20 Torr and 0-100 Torr ranges. 

These have a reading accuracy of better than l%-full scale deflection, and 

repeated calibration against McLeod gauges showed no detectable elastic 

hysteresis and no departures from linearity greater than 7 2% anywhere 

within their range. 

To test for interaction between the shock tube walls and 

spectroscopic additives of CH4 and GS2 , small quantities (0.3Torr) 

'Twenty liters is adequate for 10-20 runs. 

"An operational check (with negative results) for demixing is described 
in Chapter VII, Section D4. 
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of these gases were rapidly admitted to the evacuated shock tube 

and the subsequent pressure changes were recorded: 

noted were the expected rise due to leakage. 

adsorption of these gases, while if any reactions do occur they preserve 

the total pressure, which does not seem likely. 

the only changes 

So there is no detectable 

B. Diagnostics 

1. SpectropraDhic instrumentation. Time resolved absolute 

photometry involved simultaneous use of two spectrographs and a monochro- 

mater. 

of recording employed on each : 

apertures, focal lengths, accessible wavelengths, and effective time 

resolution for each. 

Figure 34shows the deployment of these instruments and the method 

the accompanying table gives approximate 

A more detailed description of the various spectro- 

graphs and their respective roles in the investigation will follow an 

explanation of our unorthodox method of photoelectric image dissection. 

Our program of redundant measurement of state variables 

carried with it the need for multi-channel photoelectrZc recording. 

First attempts at multi-channel recording utilized a photoelectric back 

of conventional design, i.e. employing sets of movable slits in the 

spectrograph focal plane, each with positionable mirrors to relay light 

into the appropriate photomultiplier. 

factory performance from this system because proper construction proved too 

challenging, mainly because of exit slit requirements. 

desired width, be free of wedgness, be aligned with the spectrograph en- 

trance slit to within a few minutes of'arc, must have jaws narrow enough 

to allow for each spectroscopic line-monitoring channel to have a near- 

background monitoring channel. 

We were unable to secure satis- 

Slits must have a 

They must be positioned, reproducibly, to 
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70mm FILM 

h 

12 CHANNELS 

SPECTROGRAPHS 

* RANGE LIMITED BY 
TRANSMISSION OF 
FIBER OPTICS. 

-REVOLVING DRUM CAMERA 
(WRITING SPEED 0. I mm/p) 

y-FLASH LAMP 

-- 

/- 

PRESSURE 
TRANSDUCER 

SHOCK TUBE TEST SECTION 
(REMOVABLE FOR CARBON ARC 

I CALIBRATION). 

FIBER OPTICS TERMINATED 
IN 50-IOOp THICK GLASS 
COVER SLIDES: 6 CHANNELS 
COMPRISING 3 MOBILE LINE- 
BACKGROUND PAIRS. 

I 

NOTE: 
LENSES AND FOCUSING 
MASKS NOT SHOWN. 

Fig. 3 4 :  Apparatus for TimeLResolved Spectroscopy of Shock Tube Plasmas .  
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within 1/5 

plane. This wavelength positioning must be accomplished from a site external 

- to the light-tight photomultiplier enclosure. 

array of mirrors in this arrangement made scattered light (cross-talk) 

difficult to eliminate. Efforts to perfect the conventional photoklectric 

back were not successful, and it was abandoned when the image dissectors 

described below become functional only a few weeks after testing of trial 

(10~1 actual displacement) in the wavelength direction of the focal 

Moreover, the complex 

models. 

In the current method of image dissection light is conveyed to 

a photomultiplier by internal reflection, first within a microscope cover- 

glass slide, and then within a fiber-optic bundle. No exit slits are 

needed: 

spectrograph's focal plane, defines the bandpass destined for a particular 

photomultiplier. 

the leading edge of the cover-glass slide, positioned in the 

One joins a microscope cover slide and a fiber optic 

bundle so as to utilize the clean laminar geometry of the former to re- 

place an exit slit while utilizing the flexibility of the latter to cir- 

cumvent the formidable mechanical difficulties we have already mentioned. 

A schematic diagram of a "reading-head" containing several photoelectric 

channels is shown in Fig. 35. To mount a reading-head on a spectrograph, 

it is first inserted within a hollow cylinder held perpendicular to, and 

with one end abutting, the focal plane. 

the fragile assembly of cover-glass slides, but can be rotated around its 

The cylinder not only protects 

long axis by a spring-loaded tangent drive, providing easy alignment with 

the entrance slit. For a monochromater this is the only mounting required. 

Figure 25gives an external view of a 12-rchannel image dissector mounted on 

a JACO 685,000 monochromater . t Note that each photomultiplier is mounted 

'Because of its tentacle-like appearance this installation will be referred 
to as the SQUID or Sequential Image Dissector. 
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in a separate light-tight cylinder, allowing for its individual removal 

without disturbing the remainder of the installation, and allowing for 

-- in situ alignment of the reading-head under normal room light. When 

reading-heads are mounted on a spectrograph, such as the BEL 133-83 

the rotating cylinders are themselves mounted in metal blocks which, 

riding on Teflon pads, can be micrometer-driven along tracks in the wave- 

length direction of the focal plane. 

Cover glass slides are made of optical grade glass, with their 

two large surfaces ground flat and optically polished. 

along a single edge seldom varies by more than 2 . 4 ~  ,and because of the 

high polish of their sides, a cone of light with small solid angle that 

enters normally at one edge will propagate by total internal reflection 

to the opposite edge with little attenuation due to scattering off surface 

imperfections. They can be supplied cut to desired (rectangular) size 

for a few dollars an ounce, in thicknesses roughly graded as follows: 

5511 +. lop ,8511 5 1011 , 12511 If lop , 14511 - + 1011, 18011 
2 5 0 ~  2 lop . The majority used in the present work are l l m x 4 0 n r m x  50p . 
A given ounce of slides will contain many different thicknesses varying 

between the stated tolerance limits, so it is necessary to select out 

samples with the precisely desired thicknesses. 

Thickness measured 

' 

lop , 20011 $ lop and 

As supplied, the slides' edges are unfinished, carrying the 

marks of a cutting wheel. Polishing of these edges by a professional 

optician did not increase the end-on transmittance of the slides, which 

varied between 50%-70% for light transmitted over the 4Omm length. 

The llnrmx5011 edge of a cov@f glass slide is joined to a 1/8" 

diameter fiber optic bundle (light pipe) as follows. Select a bundle of 

'Laboratory Glassware Division, Corning Glass Works, Corning, N.P. 



12 2 

t w i c e  t h e  des i r ed  length.  A t  t h e  midpoint remove about 1" of t h e  PVC 

p r o t e c t i v e  shea th  and s a t u r a t e  t h e  exposed f i b e r s  wi th  a f r e e  flowing 

epoxy. 

square block of Teflon and cap wi th  a f l a t  shee t  of Teflon, which i s  

clamped over t h e  groove u n t i l  t h e  epoxy sets, a t  which t i m e  t h e  1" length  

of . 5 m m x l l m m  laminar cross-section is removed from t h e  Teflon mold. When 

t h i s  i s  c u t  i n  ha l f  on a g l a s s  c u t t i n g  wheel, and t h e  two laminar edges 

o p t i c a l l y  polished, one has two l i g h t  p ipes  ready f o r  j o in ing  with cover 

s l i d e s .  

a s m a l l  so lder ing  pen of t h e  type used on microc i rcu i t s .  

l i g h t  i n t o  t h e  f r e e  end (round end) of t h e  l i g h t  p ipe  dur4ng t h i s  operation, 

Then work these  i n t o  a .5mm deep, l l m m  wide*groove c u t  i n  a 1" 

The union i s  formed by thermoplastic o p t i c a l  cement, worked with 

By d i r e c t i n g  a 

and observing t h e  i n t e n s i t y  emergent from t h e  cover s l i d e ,  it i s  poss ib le  

t o  rework por t ions  of t h e  bond where l i g h t  conductance i s  poor. 

When combining two o r  more channels t o  form an image d i s s e c t o r  

(reading-head), it is  necessary t o  bui ld  i n  a des i r ed  spacing between 

channels and a l s o  t o  guard aga ins t  poss ib l e  c ross - ta lk  between channels, 

e s p e c i a l l y  contiguous ones. 

e f f e c t  t h e  des i r ed  channel separa t ion ,  t h e  reading head being clamped to- 

Phenolic spacers ,  machined t o  des i red  to le rance ,  

ge ther  u n t i l  beads of epoxy, appl ied  along top and bottom, have set. 

When many channels are used, t h e  f l e x i b l e  cover s l i d e s  are f l a r e d  out  a t  

t h e i r  e x i t  ends t o  make room f o r  t h e  f a t t e r  l i g h t  p ipes  ( c f .  Fig. 35 I .  

Because t h e  l a r g e  su r faces  of t h e  cover s l i d e s  have an exce l l en t  f i n i s h ,  

only a n e g l i g i b l e  percentage of l i g h t  escapes from one t o  e n t e r  t h e  adjacent 

one except a t  po in t s  where o p t i c a l  wax has been appl ied  t o  j o i n  l i g h t  

p ipes  and cover s l i d e s .  

f l u o r i d e  is  vacuum-deposited on t h e  l a r g e  f aces  ( s ides)  and overcoated 

with aluminum. I f  aluminum is  appl ied  d i r e c t l y ,  t h e  i n t e r n a l l y  r e f l e c t e d  

To prevent c ros s  t a l k ,  a l a y e r  of magnesium 
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light will be greatly attenuated. Freedom from cross-talk is verified 

when the completed reading-head is swept across a strong, thin spectral 

line, a channel at a time, and no signal is detected on neighboring 

channels. 

Compared to other methods of multi-channel photoelectric 

recording the present one has several marked advantages, as well as some 

serious drawbacks. 

manufacture and clean geometry. 

Its most attractive features are simplicity of 

After spending a few hours learning the 

handling characteristics of the materials, someone of average dexterity 

can fabricate a cover glass-light pipe combination in an hour or two , 
while still obtaining good geometry and well-controlled dimensions for the 

t 

input channel. This makes it practical to custom design reading-heads 

for specific tasks, such as monitoring a spectral line and its near line- 

free background, or dissecting a line of broad profile, such as 

Another advantage of cover slidestt is the dense packing of sampling 

I 

H13 

channels attainable--more than twenty per millimeter. 

The several disadvantages to this method of image dissection 

are: its inherently low overall transmittance, the tendency for trans- 

mittance to change with even slight handling of the light pipes. (The need 

for expensive multi-channel recording is inherent to any image dissector: 

if a full time history is desired for each channel, then one CRO beam must 

be allotted each channel, as is the present case--otherwise, sequential 

'This contrasts with the skill and weeks-long effort needed to tease 
light pipes apart and reassemble them in linear arrays. 

"Denser spacing is available with use of cellophane "zip-tape" which 
comes in thinner sheets than cover slides-but handling and light attenuafion 
problems are serious for this material. 

. .  
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sample-and-hold techniques, employing f a s t  zener diode switches, can 

be used. The o v e r a l l  transmittance of yellow l i g h t  f o r  a t y p i c a l  40mm 

long, 50u t h i c k  cover s l i d e  a f f ixed  t o  12" of l i g h t  p i p e  is 10% - 20%, 
depending on t h e  q u a l i t y  of t he  junc t ion  between them. Transmittance f a l l s  

o f f  slowly i n  t h e  red  up t o  70001, bu t  drops t o  5% - 10% i n  the  blue-purple 

region. 

while perhaps 50% of what remains is a t tenuated  i n  t h e  l i g h t  pipe.  Since 

t h e i r  a t t enua t ion  increases  exponentially with length ,  l i g h t  pipes should 

About 30% - 50% of t h e  inc iden t  l i g h t  is  l o s t  i n  cover s l i d e ,  

be  kept  as s h o r t  as poss ib le .  

i t s  conf igura t ion  which a f f e c t s  angles of incidence f o r  i n t e r n a l  r e f l e c t i o n  

wi th in  each g l a s s  f i b e r .  

A l i g h t  p i p e ' s  transmittance depends upon 

So, a s l i g h t  j a r r i n g  of a l i g h t , p i p e  can e a s i l y  

des t roy  t h e  absolu te  i n t e n s i t y  c a l i b r a t i o n  of a pho toe lec t r i c  channel. 

Pho toe lec t r i c  recording w a s  used with t h e  JACO //85,000 monochro- 

-f meter and t h e  B&L #33-83 spectrograph (cf.  Fig. 34). 

m u l t i p l i e r s  (S-1l.spectral  response) w e r e  employed with the  sequen t i a l  image 

d i s s e c t o r  (SQUID) mounted on t h e  monochrometer. The usual func t ions  of this 

instrument i s  t o  monitor twelve 1.OA wide segments of t h e  H p r o f i l e .  For 

rou t ine  d a t a  runs,  s i x  photomultipliers sampled t h e  spectrum of t h e  B&L 

Twelve  RCA #5819 photo- 

0 

B 

spectrograph: 

designed t o  monitor a p a r t i c u l a r  l i n e  and i t s  nearby continuum. 

m u l t i p l i e r s  were assigned t o  t h e  var ious  l i n e s  as follows: 

w e  used RCA 85819's (S-11 s p e c t r a l  response),  f o r  N e 1  A5852 w e  used 

RCA #4459's (Si-20 s p e c t r a l  response) and f o r  

(S-20 s p e c t r a l  response). 

t hese  were arranged i n t o  t h r e e  p a i r s  of reading heads, each 

Photo- 

f o r  C I  A5052 

Ha 16562 we used EM1 9558-Bls 

Photomultiplier c i r c u i t s  were .  designed t o  meet t h e  following 

spec i f i ca t ions :  dynode capac i to r s  must be  l a r g e  enough t h a t  the cur ren t  

'We are indebted t o  t h e  Maryland S t a t e  Agency f o r  Surplus Property f o r  making 
t h i s ,  and o the r  equipment, a v a i l a b l e  t o  us a t  nominal handling c o s t s .  
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d r a i n  during a t y p i c a l  50 - 150psec d a t a  sampling t i m e  does not 

s i g n i f i c a n t l y  lower dynode voltages.  Anode r e s i s t o r s  must be  kept  

small enough t h a t  t h e  RC constant of t h e  tube i s  small compared t o  t h e  

inherent  t i m e  r e so lu t ion  of t h e  spectrograph, i.e. t h e  mean diameter of 

t he  o p t i c a l  pa th  across  t h e  shock tube divided by t h e  t y p i c a l  shock speed. 

For t h e  measurement of l i n e  reversal on Ha (c f .  Chapter VI) 

t h e  PM t i m e  response must be  s m a l l  compared t o  t h e  rise t i m e  of t he  f l a s h  

lamp. 

Time-resolved photographic recording w a s  employed with the  0.75 

meter JACO #75,000 spectrograph, 

t h e  5" diameter r o t a t i n g  drum camera up t o  wr i t i ng  speeds of O.lmm/Fcsec. 

The drum i t s e l f  w a s  machined from aluminum a l l o y  and dynamically balanced on 

i ts  Durnore q u i l l .  The camera housing is cu t  from a 7'' diameter steel p ipe  (V' w a l l  

th ickness) :  an earlier rec tangular  housing, f ab r i ca t ed  from F 11 aluminum 

p l a t e s  would v i b r a t e  harmonically when the  drum w a s  revolving a t  high speed. 

A variac regula ted  Dumore 3; hp motor drove 

I n  t h e  major i ty  of our d a t a  runs w e  used Kodak 2475 (70 mm) f i lm,  

developed i n  DK-50 f o r  6.5 minutes a t  75OF. Some spec t r a  of carbon and 

s u l f u r  w e r e  recorded on Kodak 103-F, developed f o r  3 minutes i n  D-19 a t  

75OF. 

The e f f e c t i v e  t i m e  r e so lu t ion  of our photographic recording was 

determined by the  he igh t  of t h e  s l i t  image i n  t h e  f i l m  plane,  i .e.,  t h i s  

he ight  divided by t h e  camera's w r i t i n g  speed is  t h e  e f f e c t i v e  t i m e  r e so lu t ion  

of t h e  fi lm. Typically t h i s  w a s  3-Spec. 

A d e t a i l e d  desc r ip t ion  of t h e  reversal f l a s h  lamp is  given by 

31,80 Chara t i s  . .. 
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2. Pressure Transducers give a time-resolved record of 

pressures behind shocks. 

with Kister #501 charge amplifiers . 
Chapter VI) to put out 1.0 mV per psi of shock tube pressure. 

are 1 - 2psec. 
pressure sensitive faces should fit flush with the shock tube walls or else 

they generate local discontinuities in shock flows and pressures. 

metal-encapsulated transducer is in direct metal-to-metal contact with the 

shock tube walls, the transducers characteristic 130 kc ringing frequency 

will be strongly excited. 

Fig. 36, the ringing is reduced, by factors of 2 - 3 for fhe "hard" mounting, 

and 3 - 4 for the ''soft'' mounting, compared to the ringing obtained when 

the transducer is mounted directly in the tube walls. 

ings cushion the accelerations at the time of shock passage: 

mounting tends to remain vacuum-tight longer than the "soft" mounting. 

We used Kistler 8601 quartz transducers coupled 

The amplifiers are calibrated (cf . 
Time resolutions 

their The method of mounting the transducers is critical: 

If the 

By using the transducer mountings shown in 

Both of these mount- 

the "hard" 



12 7 

RIGID TRANSDUCER MOUNTING 

CHANNEL FOR COAXIAL CABLE NUT & SLEEVE BEAR ON \ / TRANSDUCER’S SHOULDER SEAL 

EFLON SEAT 

KISTLER S 601 URE TRANSDUCER 
(SOFT ALUMINUM SEAL INSTALLED ON SHOULDER) 

SOFT TRANSDUCER MOUNT1 NG 

RTV COMPOUND POTTING 
FOR TRANSDUCER AND 

COAXIAL CABLE 

\TEFLON SEAT WALL 
( brass). W/2 O-RINGS 

KISTLER #601 PRESSURE TRANSDUCER 
(SOFT ALUMINUM SEAL INSTALLED ON SHOULDER) 

‘I2 Kg* “7 
Fig. 36: Two Types of Quartz Transducer Installations Used to Minimize 

Ringing Amplitudes During Shocks. 



CHAPTER V I  

EXPERIMENTAL METHOD 

A. In t roduct ion  

This chapter d i scusses  t h e  experimental techniques used t o  

c o l l e c t  data.  

least two independent ways: 

t he  da t a  obtained during rou t ine  experimental runs. 

We stress t h a t  a l l  important va r i ab le s  w e r e  measured a t  

t h i s  includes both c a l i b r a t i o n  f a c t o r s  and 

Absolute i n t e n s i t y  c a l i b r a t i o n s  were performed two independent 

ways; two d i f f e r e n t  photographic emulsions were independently ca l ib ra t ed  

i n  r e l a t i v e  in tens i ty ,and  photomultiplier response was rou t ine ly  checked 

f o r  l i n e a r i t y  i n  s i t u .  

s t a t i c a l l y  and dynamically. 

Pressure transducers were ca l ib ra t ed  both 

Temperatures behind f i r s t  r e f l e c t e d  shocks were simultaneously 

measured four  independent ways -- and i n  some cases, s i x  independent ways. 

Pressures were measured d i r e c t l y  with quar tz  transducers and a l s o  de- 

duced from inc ident  shock speeds. 

C I  A5052 

The absolu te  in t eg ra t ed  i n t e n s i t y  of 

w a s  simultaneously recorded photographically and pho toe lec t r i ca l ly .  

W e  f e e l  t h a t  t h i s  program of redundant measurement, coupled 

T I B  wi th  t h e  

securing d a t a  under widely varying plasma conditions,  as discussed i n  

Chapter V I I ,  is  necessary t o  guard aga ins t  l a r g e  systematic e r r o r s  i n  

measured A-values. .. 

methods presented i n  Chapter 111 and with t h e  p r a c t i c e  of 

128 
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B. Absolute Photometry 

1. Introduction. Photomultipliers w e r e  absolu te ly  ca l ib ra t ed  

two independent ways: 

emission from a quiecent 

and then by a new method which adopts as t h e  absolu te  photometric standard 

t h e  product A,-,( h,Ne)dX , where Aa and La( A,Ne)dh are, respec t ive ly ,  

t he  t r a n s i t i o n  p robab i l i t y  and t h e  shape func t ion  of. 

f i r s t  by t h e  well-known . method using the  chopped 

DC carbon a r c  c r a t e r ,  as described i n  Section l-ii.? 

Ha . ?his  

new method i s  described i n  s e c t i o n  I-iii. Photographic emulsions were ca l ib ra t ed  

by relative i n t e n s i t y  coaparisons 

t e n s i t i e s  were adjusted t o  absolu te  values on a shot-to-shot b a s i s  by 

comparison with several absolu te ly  ca l ib ra t ed  pho toe lec t r i c  channels i n  a 

method described i n  Section l-v. 

aga ins t  t h e  carbon arc. The relative in- 

2. Lineari ty  checks. The assumption of l i n e a r  photomultiplier 

response is c e n t r a l  t o  t he  i n t e r p r e t a t i o n  of our data.  W e  therefore  not 

only bench-tested t h e  response of photomultipliers before  i n s t a l l i n g  them, 

but  pe r iod ica l ly  rechecked them i n  s i t u .  For bench-testing, a General Radio 

Strobe lamp w a s  used, i t s  r e p e t i t i o n  rate set allow f o r  recovery of t h e  photo- 

m u l t i p l i e r ' s  dynode capac i tors  between f l a shes .  The Strobes'  discharge cycle 

is  highly reproducible,  g iv ing  a s i g n a l  of well-defined half-height duration. 

By varying t h e  d i s t ance  between t h e  photomultiplier (henceforth, PM) and the  

Strobe lamp, t h e  amount of t h e  PM input could e a s i l y  be cont ro l led .  A s  in- 

c iden t  l i g h t  levels were increased, the onset of s a t u r a t i o n  w a s  r ead i ly  detected 

by an apparant i nc rease  i n  du ra t ion  of t h e  Strobes'  discharge cyc le ,  ( i . e .  

t he  apparent half-width increased) . 
Two techniques were used t o  check PM l i n e a r i t y  -_._ i n  s i t u :  both 

required t r a n s i e n t  sources with br ightness  surpassing t y p i c a l  shock tube 

luminosity. The reversal f l a s h  lamp (cf .  Chapter V) had t h e  r e q u i s i t e  
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SCHEMATIC CRT DISPLAY SHOWING REVERSAL OF THE Ha LINE 

C 

Slit-averaged H, emisson 
from first reflected shock, 
argmentbd at t.35 ps by 
the shock plasma attenuated 
emission of the fhsh lamp. 

Sobsequent trace from the 
(repeatable) flash lamp, 
whose emission is now 
unattenwted by shocked 
plauna. 

A. These are "reversal points" where C. Peak unattenuated intensity of the 
/ 1, dv = / Bv(T) dv . The thermal 
dependence of points A. is given by 
curve c. of Figure 4. kilodegrees hotter than the shock tube 
B. Shock tube emission of Ha viewed 
with 2.02 wide slits. The thermal D. Peak intensity of flash lamp after 
dependence of point B, For two different 
mixtures, is given by curves a. and b. 
of Figure 4. has a high optical depth. 
USES OF THIS DISPLAY (assuming that absolute source pressure is known): 

flash lamp: this is equivalent to grey- 
body emission from a source several 

plasma. 

attenuation caused by traversing the shock 
tube in which the central portion of Ha 

(1) The ratio B./A. can be used to convert the relative intensity scale (ordinate) 

(2) With an absolute intensity scale established, the reversal points A. can be used to 
to an absolute intensity scale. 

measure the source temperature because the Planck function is a unique function of 
temperature. 
(c.-D.)/(CrA.) VS. B./A* affords an in-eitu linearity check upon the photomultiplier since 
the slit-averaged emission coefficient of the shocked plasma should have the same 
value whether it is measured in-emission or in adsorbtion. 

(3) 

Fig. 37: Schematic CRT Display Showing Sl i t - In tegra ted  Ha I n t e n s i t y  

Ha * 
and Line Reversal on 
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br ightness  and r ep roduc ib i l i t y  (1% - 3%) f o r  t h i s  task.  

fourteen s t e p  Kodak n e u t r a l  dens i ty  f i l t e r  w a s  used t o  modulate t h e  f l a s h  

A c a l i b r a t e d ,  

lamp i n t e n s i t y :  thus PM input s i g n a l  levels are made t o  span, i n  known 

increments, t h e  range encountered during rou t ine  d a t a  runs. 

The second i n  s i t u  l i n e a r i t y  check is based on t h e  l a w s  of -- 
r a d i a t i v e  t r a n s f e r  and is performed during regular  d a t a  runs. 

mounted PM views t h e  steady state shock tube plasma, f i r s t  i n  emission, 

and then i n  absorption aga ins t  t h e  h o t t e r  grey body emission of the- f l a s h  

A spectrograph- 

% 
lamp: t h e  values of t h e  mean shock tube o p t i c a l  depth, T , deduced from 

the  emission and absorption observations w i l l  agree only i f  t he  

operating l i n e a r l y .  

PM is 

Because t h e  sub jec t  of t h i s  and t h e  following sec t ion  is  the  i n t e r -  

ac t ion  between r a d i a t i o n  from a hot  t r a n s i e n t  plasma (a f l a s h  lamp discharge) 

with a cooler ,  steady s ta te  plasma, ( the  shock tube plasma) w e  should make 

clear p rec i se ly  how the  spectrograph is il luminated. Radiation should be 

co l lec ted  from t h e  cooler  (shock tube) plasma from wi th in  only t h a t  cone of 

rays defined by t h e  r a d i a t i o n  from t h e  h o t t e r  ( f l a s h  lamp) plasma. Therefore, 

w e  use t h e  arrangement of lenses  and s tops  depicted i n  Fig.38 : t h e  c i r c u l a r  

s top  on t h e  leas 

tube . 
def ines  t h e  required cone of rays  emerging from the  shock 

t 

The s o l i d  curve i n  Fig.37 represents  t h e  output of a PM monitoring 

t h e  c e n t r a l  2A of Ha during a t y p i c a l  d a t a  run. Within a few w e c  after 

passage of t h e  r e f l e c t e d  shock f r o n t ,  i n t e n s i t y  rises t o  t h e  steady state 

level denoted by po in t  B , where i t  remains f o r  t h e  dura t ion  of t he  f i r s t  
e .  

'The focusing mask and pinhole are used when c a l i b r a t i n g  t h e  system aga ins t  
a carbon arc. When t h e  arc is placed i n  t h e  o p t i c a l  path,  i t  is  imaged on 
t h i s  mask where t h e  pinhole selects out  t h e  des i red  r a d i a t i o n  of t h e  anode 
crater "hot spot  . I '  
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' r e f l e c t e d  shock, o r  u n t i l  t h e  f l a s h  lamp i s  discharged . 
f o r  t h e  s l i t - i n t e g r a t e d  i n t e n s i t y  of during t h i s  t i m e  is  given by 

eqn. [17] . For b rev i ty  w e  introduce t h e  notation: 

The expression 

H 
01 

where TST is t h e  temperature of t h e  shock tube plasma and T is  t h e  

o p t i c a l  depth: 

70 p s e c  period. 

both are independent of t i m e  w i th in  t h e  depicted 

The dashed curve, peaking a t  point C , represents  emission from 

t h e  discharged f l a s h  lamp observed i n  t h e  absence of any a t tenuat ing  shock 

tube plasmas. The spectrum of t h i s  r ad ia t ion  is  f e a t u r e l e s s  (grey-body), s o  

i t  can be described over l imi t ed  wavelengths by a Planck func t ion  tt 

This de f ines  t h e  b lack  body temperature ( a t  A )  of t h e  f l a s h  lamp. The f l a s h  

lamp dura t ion  is a few vsec, s o  

t i m e  . 
TFL(t) is  a r ap id ly  varying func t ion  of 

Sychronizing t h e  f l a s h  lamp t o  f i r e  when a shock heated plasma l ies  

between i t  and t h e  PM produces t h e  observed i n t e n s i t y  curvep BADA . A t  

any t i m e  t h e  observed i n t e n s i t y  is composed of t h e  shock tube emission 

'Figure 34 shows t h e  experimental arrangement: t h e  Ha channel i s  i n  t h e  
BbL spectrograph, and t h e  f l a s h  lamp r a d i a t i o n  passes through t h e  shock tube. 

"The f l a s h  lamp r a d i a t i o n  could be described ins tead  by some grey-body tempera- 
t u r e  T '>T so t h a t  EA(T')BX(T') = BX(TFL) and t h e  forthcoming ana lys i s  

would not i n  any way be  a f f ec t ed .  
FL 



134 

plus the shock tube-attenuated flash lamp intensity: 'ST 

The points "A" where the full and dashed curves cross' identify 

the Planck function intensity, B (T ) , of the shock tube plasma. That 

is, the condition 
A ST 

I(t) - IF#) = 0 
total 

is satisfied (for finite 1: 1 by the condition: 

BA(TsT> Bh(TFL(t)) = 0 

or, equivalently, is satisfied for times t' when 

TFL(t9 = TST 

Therefore, at points "A" (times t') ; 

li 
-11 

To perform the in-situ linearity check one overdetermines J' [l-e-T]dX 

through use of the three intensities IC, ID and IB , picked-off 
I .  

'These are the "reversal points," so named because spectral features of the shock 
tube plasma, such as H, , are passing from a condition where they observed in 
emission against the time-increasing local background (from the flash lamp) 
to the condition where they are observed in ab~orbtion.~~ 
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and 

Combining the  above equations : 

E221 

Since I C  > I D  > I B  , t hese  overdeterminant conditions w i l l  be se l f -cons is ten t  

only when t h e  photomultiplier is opera t ing  l i n e a r l y .  Note t h a t  l i n e a r i t y  is  

checked a t  t h e  s i g n a l  levels and durations of i n t e r e s t  f o r  recording shock 

tube da ta .  (From I B  w e  w i l l  deduce t h e  temperature Ta and from I A  , 

t he  temperature T as explained i n  the  next s ec t ion . )  rev ' 
Before going on t o  consider a new method f o r  i n  s i t u  absolute in- 

t e n s i t y  c a l i b r a t i o n  based on Fig. 37 , w e  d i r e c t  a t t e n t i o n  t o  t h e  CRT 

t r ac ing  reproduced i n  Fig. 45 . The po in t s  on the  real trace (Fig.45 ) 

analogous t o  po in t s  A,  B y  C and D of t h e  schematic (Fig. 37) can r ead i ly  

be i d e n t i f i e d .  I n  p r a c t i c e ,  t h e  f l a s h  lamp s i g n a l  can be superimposed on 

the  subsequent f l a s h  lamp-plus-shock tube s i g n a l  so t h a t  po in t s  "C", and "D" 

coincide t o  a f r a c t i o n  of 1 usec i n  t h e  CRT sweep.direction. 

again t h a t  f l a s h  lamp peak i n t e n s i t i e s  are reproducable t o  1% - 3% 

i t  is t h i s  reproducabi l i ty  which allows us t o  make use of s equen t i a l  traces 

We mention 

t because . .  

of and ' t o t a l  

81 
' S i m i l a r ,  o r  b e t t e r ,  reproducabi l i ty  i s  claimed f o r  t h e  commercial Garton type of 
f l a s h  lamp. 
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3. Absolute i n t e n s i t y  c a l i b r a t i o n  using t h e  A-value and 

shape Function of H as absolu te  standards.  By using t h e  reversal f l a s h  

lamp and the  l a w s  of r a d i a t i v e  t r a n s f e r  w e  ob ta in  an absolu te  i n t e n s i t y  

c a l i b r a t i o n  (at  6563x1 

Ha 

w i l l  be  compared wi th  ex tens ive  carbon arc c a l i b r a t i o n s  i n  Section B-5. 

a 

which refers t o  t h e  A-value and shape func t ion  of 

as t h e  u l t imate  s tandards  of s p e c t r a l  i r rad iance .  Results of t h i s  procedure 

Returning t o  Fig. 37 , l e t  us i d e n t i f y  t h e  s i g n a l  f o r  t h e  sl i t-  

in t eg ra t ed  i n t e n s i t y  of Ha 

and pressure:  % CH4 + % CS2 + 99% neon a t  p = 9 . 0 ~ 1 0  dyne ~ m - ~ .  

source temperature i s  unknown, then I B  , which is  recorded as a r e l a t i v e  

, as coming from a plasma of known composition 

I f  t he  6 

123 1 

i n t e n s i t y  i n  a r b i t r a r y  u n i t s  i n  Fig. 37 ,is assoc ia ted  with an absolu te  

i n t e n s i t y  ( i n  u n i t s  of carbon arc i n t e n s i t y )  ly ing  somewhere along t h e  curve 

"C" i n  Fig. 4 . That is: 

w s  - 

BIB = J Ia(A)dA 

'E 
2 

where B i s  the  unknown sca l ing  f a c t o r  necessary t o  e s t a b l i s h  t h e  absolu te  

s e n s i t i v i t y  of t h e  de t ec to r ,  i.e. B absolu te ly  c a l i b r a t e s  t he  de t ec to r .  

W e  recall from t h e  d iscuss ion  concerning eqn . [ l7 J , tha t  f o r  a given pressure 

and plasma composition, t h e  r i g h t  hand s i d e  of eqn. [23] is a unique function 

of plasma temperature only. Therefore, I B  i n  u n i t s  of absolute i n t e n s i t y  

is a func t ion  of t h e  two unknowns, f3 and T . 
Figure 37 a l s o  dep ic t s  t h e  s i g n a l  level ( r e l a t i v e  i n t e n s i t y  i n  

1 
a r b i t r a r y  u n i t s )  f o r  reversal I A  = - B (T )*ws.Since t h e  Planck func t ion  f3 X ST 

a t  the  wavelength 6563i is a func t ion  of 

Fig. 4 ), I A  

knowns B and T . 

T only (which i s  a l s o  depicted i n  

is a second observed v a r i a b l e  t h a t  is a func t ion  of t he  two un- 
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€ =  ; Bl,(T) =OBSERVED REVERSAL INTENSITY 
2DAX Bi (T)  -. 
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So, between IA(B,T) and IB(B ,T)  we can simultaneously 

solve for botht B and T . Since the immediate interest here is to 

determine B , we parameterize the simultaneous equations to give the 
graphical solution shown in Fig. 39 . Explicitly, 

ws _. 

That is, the ratio of the two intensities, IA and IB , observed on the 
same uncalibrated detector, is a unique function of plasma temperature. 

'L 
Because both BA(T) and E(T) are unique functions of temperature, 

'L we can express the Planck function in terms of E : 

This equation yields the desired absolute intensity calibration; 

function associated with the intensity 

the Planck 

I B  , observed with an uncalibrated 
detector, is a unique function of the intensity ratio I B / I A  . 

'L 
In Fig. 39 ' B (E) is expressed in units of carbon arc intensity A 

at 65631 . 
calibrate the intensities shown in the schematic CRT trace of Fig. 37 . 

A s  an illustrative example, we apply this figure to absolutely 

We find 

IB 3.55 - = - = .78 
IA 4.55 

'In the usual procedure, comparison against the carbon arc determines 
that the reversal intensity Bh(TST) 
ture. 

B , so 
can be used to determine source tempera- 

11 31,71,80-85 This is the well knrrwn "reversal-temperature 

ttThe vertical error bars in Fig. 39 are the images of the error bars in Fig. 4 ;  
they represent the uncertainty in the shape of 
density . Ha as a function of electron 
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f o r  which Fig. 39 gives:  

=i 56.0 - + 3.5 = BIA . 
B A ( 3,800 OK) 

Having e s t ab l i shed  the  c a l i b r a t i o n  f a c t o r ,  B , w e  can f ind  the  source 

temperature with the  a i d  of Fig. 4 . Using BA(T) = 56 - + 
T = 11,600"K + 330°K . (This temperature is equivalent t o  

31  71,80,82-85 
temperature" that  would be obtained when f3 is determined 

3.5 w e  obtain 

the  "reversal 

from comparison 

with the  carbon arc). W e  might a l s o  use 

w s  - 
BIB 1 Ia(X)dh = 43.7 5 3.5 

t o  ob ta in  

T = 11,600"K 2 200'K . 

(We call  t h i s  temperature Ta and w i l l  d i scuss  i t  f u r t h e r  i n  Section C.) 

So long as .4 < E < .8 , t h e  i n t e r n a l  c a l i b r a t i o n  method is  

accura te  t o  6% - 8%, which i s  s u f f i c i e n t  t o  give source temperature with a 

2% - 3% accuracy at T = ll,OOO°K. I f  cu r ren t  s t u d i e s  on t h e  shape of 
86 

Ha as a func t ion  of e l e c t r o n  dens i ty  are successfu l  i n  reducing t h e  present 

HB 9 (for 
87 20% unce r t a in ty  down t o  a level comparable with that of 

< Ne < t h i s  i s cu r ren t ly  - + 5%), then t h e  accuracies ava i l ab le  from 

t h i s  i n t e r v a l  c a l i b r a t i o n  w i l l  become 2 ' 2 %  f o r  t h e  absolu te  i n t e n s i t y  and 

- + .6% f o r  plasma temperacure. 
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Even with the  cur ren t ly  r ea l i zab le  accurac ies , th i s  new method 

of c a l i b r a t i o n  has several d i s t i n c t  advantages t h a t  recommend i t  f o r  use 

a t  least t o  v e r i f y  carbon arc ca l ib ra t ions  (at A = 65631) , i f  not t o  

replace them. Among the  advantages of the  new ca l ib ra t ion  are the  following: 

(1) It i s  performed i n  s i t u ,  s o  there  are no questions 

about dupl ica t ing  o p t i c a l  paths  (lens pos i t ions ,  

source pos i t ions ,  window transmissions) f o r  

ca l ib ra t ions  and d a t a  runs as there  are with carbon 

arc. 

It c a l i b r a t e s  de tec tors  a t  the  same s igna l  l e v e l s  

and s i g n a l  durat ions t h a t  are encountered i n  taking 

da ta  from b r igh t  t r ans i en t  plasmas, r a t h e r  than a t  

the  f a r  lower s i g n a l  l eve l s ,  and longer durat ions,  

ava i lab le  from the  chopped carbon arc. 
For l i g h t  sources where re-absorption i n  boundary 

l aye r s  is  pronounced, the  new ca l ib ra t ion  leads 

t o  more accurate  emission s tud ie s  s ince  the  r a t i o  

I A  ' 
by re-absorbtion than i s  BA(T) o r  I A  by i t s e l f -  

(2)  

(3) 

- IB and hence BA(IB/IA) , w i l l  be less af fec ted  . 

( 4 )  The i n t e r n a l  c a l i b r a t i o n  is  obtained a t  no ex t r a  

expense when one performs a conventional reversa l  

temperature measurement a t  H . 
I n t e r n a l  ca l ib ra t ion ,  unl ike the  carbon arc C a l i -  

88 ' bra t ion ,  can be performed i n  the  I R  o r  t h e  W 

i f  t he  spec t r a  i n  these regions contain a l i n e  f o r  

which the  uncertainty i n  the  product of A-value and 

a 
(5) 

Stark broadening parameter is not g rea t e r  than 20%, 
and f o r  which peak o p t i c a l  depths grea te r  than .4 

can be  obtained. 

'Unfortunately, the  i n t e r n a l  c a l i b r a t i o n  'can seldom be employed with T-tube 
plasmas whose durat ions are usual ly  not  long compared t o  f l a s h  lamp durat ions.  
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W e  emphasize t h a t  s i n c e  t h e  i n t e r n a l  c a l i b r a t i o n  i s  applied 

a t  a s i n g l e  wavelength, one must s t i l l  use a carbon arc (or tungsten 

fi lament lamp) t o  t r a n s f e r  t h e  c a l i b r a t i o n  t o  o the r  wavelengths: relative 

c a l i b r a t i o n s ,  however, are f a r  less prone t o  e r r o r  than absolu te  i n t e n s i t y  

c a l i b r a t i o n s .  

4 .  Absolute i n t e n s i t y  c a l i b r a t i o n s  using t h e  carbon arc. Photo- 

m u l t i p l i e r s  w e r e  absolu te ly  c a l i b r a t e d  aga ins t  t h e  carbon arc i n  t h e  conventional 

way. We followed t h e  usua l  p re sc r ip t ions  88-91 f o r  e l ec t rode  outgassing, 

advancing t o  "h iss ing  points," etc. 

s e l e c t i n g  r a d i a t i o n  from t h e  des i red  anode "hot-spot" were shown i n  Fig. 38. 

The imaging screen  and pinhole f o r  

A toothed chopping wheel passed t h e  beam i n t e r m i t t e n t l y  so  as t o  prevent d ra in  

on t h e  PM dynode capac i tors .  

Some of our earlier c a l i b r a t i o n s  used t h e  published carbon arc 

i r r ad iance  values of Null  and Lozier?' The newer f ind ings  of Hattenburg and 

Kostkowskiwere adopted i n  t i m e  t o  be used i n  c a l i b r a t i n g  most of our d a t a  

runs. 

88 

We had d i f f i c u l t y  obta in ing  the  i d e a l  "quiescently burning arc of 

maximum brightness." 

indeed, sometimes one could burn through several p a i r s  of e lec t rodes  without 

Optimal b a l l a s t  r e s i s t a n c e  would change from day t o  day; 

ever 

2000 

less 

achieving a quiescent state. Adding a low pass f i l t e r  (capacitance 

pf 

suscep t ib l e  t o  d i u r n a l  changes, bu t  d id  no t  guarantee r ep roduc ib i l i t y .  

and inductance 40 h ) t o  the motor generator c i r c u i t  made t h e  arc 

Wandering of t h e  "hot spot" a l s o  complicated t h e  c a l i b r a t i o n  - the arc can 

burn quiescent ly ,  drawing a s teady  recommended cu r ren t  (which w a s  cons tan t ly  

monitored) and s t i l l  t h e  emission reaching t h e  PM tubes would f l u c t u a t e  

as t h e  hot-spot's image s k i r t e d  the pinhole. Wandering of the arc column, 
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.f. 

There is some ambiguity concerning how 

toge the r  wi th  our r a t h e r  poor cu r ren t  s t a b i l i z a t i o n  , introduced scatter 

i n t o  our c a l i b r a t i o n  voltages.  

a d i s t r i b u t i o n  of c a l i b r a t i o n  vol tages  is  t o  be in t e rp re t ed :  t o  adopt 

t he  average vol tage  f o r  a p a r t i c u l a r  c a l i b r a t i o n  ignores the f a c t  t h a t  

both major sources of scatter, wandering of t h e  arc column and cur ren t  

f l u c t u a t i o n s ,  tend t o  lower s i g n a l  levels. A major uncer ta in ty  i n  our 

carbon arc c a l i b r a t i o n s  the re fo re  arises i n  the  es t imat ion  of t h e  amount 

t h a t  arc wandering and cu r ren t  f l u c t u a t i o n s  have sys temat ica l ly  lowered 

c a l i b r a t i o n  voltages.  

This uncer ta in ty ,  folded i n  with scatter from photomultiplier 

no i se  and reading e r r o r  ,varied t y p i c a l l y  between 5% and 10% 

on the  p a r t i c u l a r  PPI: tube,  being c a l i b r a t e d ,  t h e  wavelength being ca l ib ra t ed ,  

depending 

and how cooperative t h e  arc w a s  on t h a t  p a r t i c u l a r  day. 

t he  poss ib l e  f a i l u r e  of t h e  c a l i b r a t i o n  o p t i c a l  pa th  exac t ly  t o  dup l i ca t e  

t h e  o p t i c a l  pa th  used during t h e  d a t a  runszrt, w e  estimate our absolu te  in- 

Taking i n t o  account 

t e n s i t y  c a l i b r a t i o n s  aga ins t  t h e  carbon arc were r e l i a b l e  t o  8% - 15%. 

The s i x  pho toe lec t r i c  channels on the  1.5 meter B&L spectrograph 

(which monitor t he  l i n e s  C I  X5052, N e 1  X5852, Ha and t h e i r  near ly  continua) 

w e r e  c a l i b r a t e d  simultaneously, as w e r e  t he  twelve SQUID channels. Simultaneous 

carbon arc sampling w a s  accomplished by means of a common t r i g g e r  pulse t o  

single-sweep t h e  osc i l loscopes  f o r  a l l  channels. 

sampling is t o  make t h e  c a l i b r a t i o n s  of t h e  various channels, relative t o  each 

o the r ,  independent of arc i n s t a b i l i t y .  

The purpose of simultaneous 

'When a new motor generator replaced th&'"converted" arc welder as our 
power supply, cu r ren t  s t a b i l i t y  improved markedly -- bu t  this a r r ived  too 
Aate t o  be  much of a help.. 

"Digital voltmeters w e r e  used t o  check t h e  
long term d r i f t .  This w a s  found t o  be neg l ig ib l e .  

DC 

PM high vol tage  supp l i e s  'for 
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Another f a c t o r  which complicates absolu te  i n t e n s i t y  c a l i b r a t i o n s  

using t h e  carbon arc i s  the  dec l ine  of shock tube window transmission 

wi th  use, 

g re s s ive ly  more p i t t e d  (by minute diaphragm fragments) and opaque (decom- 

p o s i t i o n  res idues  from test gases become imbedded i n  t h e  g l a s s ) .  

With every f i r i n g  of t h e  shock tube, t h e  winduws become pro- 

The r ep roduc ib i l i t y  of t h e  f l a s h  lamp (over tens  of discharges) 

allows us t o  cont inua l ly  monitorlwindow transmissions. W e  t he re fo re  can 

relate t h e  window transmissions a t  t h e  t i m e  of one set  of carbon arc runs 

t o  the  transmissions when later carbon arc runs are made, and can a l s o  

a d j u s t  c a l i b r a t i o n  vol tages  t o  compensate f o r  lowering of window transmissions 

during d a t a  runs ( i . e . ,  between carbon arc c a l i b r a t i o n s ) ,  

l o s s  i n  window transmission w e  note the  apparent drop-off of peak f l a s h  

lamp i n t e n s i t y  when i t  i s  discharged subsequent t o  each shock tube run. 

Because t h e r e  is no corresponding decrease i n  peak i n t e n s i t y  when t h e  f l a s h  

lamp is  f i r e d  r epe t ive ly  with no intervening shock tube runs,  we know the  

f l a s h  lamp i n t e n s i t y  i t s e l f  is  no t  progressively fa l l ing-of f .  P l o t t i n g  t h e  

observed peak i n t e n s i t y  as a func t ion  of number of window exposures t o  shock 

tube plasmas, w e  f i n d  window transmission f a l l s -o f f  on t h e  average by 0.42% 

per  experiment. 

To a s c e r t a i n  the  

5. Comparison of absolu te  i n t e n s i t y  c a l i b r a t i o n s  from t h e  Carbon 

arc wi th  t h e  new i n t e r n a l  method. 

arc c a l i b r a t i o n s  and t h e  i n t e r n a l  c a l i b r a t i o n s  u t i l i z i n g  

compare them. 

( i n  a r b i t r a r y  u n i t s )  t h e  absolu te  i n t e n s i t y ,  

Having discussed t h e  conventional carbon 

Ha , w e  now 

For each shock tube run providing a reversal i n t e n s i t y  IA 

. .  

. B(T ) = z I A  1 
X ST 
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can be computed 

from the  carbon 

using e i t h e r  t he  c a l i b r a t i o n  f a c t o r  f3 B(ca) , 
arc c a l i b r a t i o n , o r  t h e  c a l i b r a t i o n  f a c t o r  f3 = e(=) I B  

deduced from i n t e r n a l  c a l i b r a t i o n  of t h a t  p a r t i c u l a r  run. 

w e  p l o t  

I n  Fig. 49 

aga ins t  

both va r i ab le s  normalized t o  u n i t s  of carbon a r c  i n t e n s i t y  a t  h = 6563i . 
The r e s u l t s  f o r  t h e  24 runs depicted are no t  expected t o  f a l l  along a smooth 

I B  curve because (E) is  s p e c i f i c  t o  each p a r t i c u l a r  shock tube run where I B  

is  observed wi th  - + 4% prec i s ion  and I A  ( t h e  reversal poin ts )  with 8% prec is ion .  

Ful ly  85% of t h e  da t a  are wi th in  f- 10% of t h e  mutual agreement, which i s  w e l l  

i n s i d e  t h e  a p r i o r i  estimated to le rances  of - 4- 8% f o r  and the  IB 
[ f 3 ( ~ ) l a v g .  

- + 5% - 15% f o r  B(ca) . 
On c l o s e r  examination 

is something l ike 6% ' I B  -1 
[B(=) ] 

of Fig.40 

g r e a t e r  than  B(ca) . The source of t he  

one can d e t e c t  t h a t  t h e  average 

discrepancy could not  be  es tab l i shed .  W e  t he re fo re  adopted t h e  average of 

t he  two methods as t h e  most r e l i a b l e  absolu te  i n t e n s i t y  a t  our d isposa l .  

(Because of t h e  scatter in  f 3 ( ~ )  we took t h e  average from t h e  24 d ip ic t ed  

d a t a  runs.)  This makes our adopted f3 f o r  t h e  Ha l i n e  channel about 3% 

l a r g e r  than B(ca) . The same 3% adjustment w a s  then applied t o  t h e  o the r  

pho toe lec t r i c  channels which were c a l i b r a t e d  using t h e  carbon arc only. 

I B  



145 

70 

65- 

60- 

55 

50 

45- 

40 

H 

* 
/' 

- 
/ 

// 
a /  
/ 

/ 
/ 

/ 
/ 

/ * 
* // * // 

THE 2 TYPES OF 
ABSOLUTE INTENSITY 
CALIBRATION! 85% OF 
DATA FALL WITHIN *IO% 

/< 0 AGREEMENT-LINE FOR 
/ * *  *.e / 

/' 

8 /// * 
/ 

a /  
- 

* . /  0 

// 

// * REVERSAL INTENSITY CAN BE 

/ 

- / 

READ TOf4%, GIVING: 
// f 4 %  SCATTER IN ABSCISSA 

f 8 %  SCATTER IN ORDINATE 

EACH OF THE CALIBRATION METHODS 
IS ESTIMATED TO BE UNCERTAIN BY f 

/ 

0. 
// 

// 
/ 

// 
/ 

// 
// 

- 
/ 

,. 
c 
v 
0 
0 

x 
m 

8% 

Fig. 40: Comparison of Independent Absolute Intensity Calibrations: 
Reversal Intens i t ies  (In Units of Carbon Arc Intensity) 
Calibrated by Slit-Averaged Emission Coefficient of 
vs. Values Calibrated by Direct Comparison Against theCL 
Carbon Arc. 

H 



146 

6. Cal ib ra t ion  of photographic emulsions. Absolute C a l i ?  

b r a t i o n  of photographic emulsions consisted of two d i s t i n c t  phases; 

i n t e n s i t y  c a l i b r a t i o n  using t h e  carbon arc, and f i t t i n g  of t h e  relative in- 

t e n s i t i e s  t o  an absolu te  scale, on a shot-by-shot b a s i s ,  via comparison with 

several absolu te ly  c a l i b r a t e d  photomultipliers.  

used t o  c a l i b r a t e  both t h e  Kodak {I2475 and Kodak #103-F emulsions. 

than 90% of t h e  d a t a  runs employed /I2475 because i t  is  2-3 t i m e s  f a s t e r  than 

relative 

The same procedures w e r e  

More 

1'1103-F. 

equiva len t  grain.  

When scanned with a Jaco #2310 densitometer, both emulsions had 

The Seidel -cur~e%~, '~~log(- )  T versus log ( in t ens i ty )  , with T 
l - T  

t he  specular  transmission, were constructed f o r  d i f f e r e n t  wavelengths using 

an EG&G xenon f l a s h  lamp and a Kodak 14 s t e p  n e u t r a l  dens i ty  f i l t e r .  

p h o t o e l e c t r i c a l l y  ve r i fy ing  t h e  lamp' s rcprczducibility , w e  exposed emulsions 

Af te r  

t o  s i n g l e  discharges viewed through a range of dens i ty  s t eps .  Because durations 

of t h e  lamp discharge approximated exposure t i m e s  i n  t h e  d a t a  runs,  t he re  

w a s  no chance of r e c i p r o c i t y  f a i l u r e .  

( d e n s i t i e s  g r e a t e r  than 1 .5) ,  t h e  Se ide l  curves became unre l i ab le  because 

For transmissions of less than 3% 

f i l m  blackening become a very weak func t ion  of exposure. 

The carbon arc was  used t o  determine t h e  change of emulsion 

t 0 s e n s i t i v i t y  wi th  wavelength . Spectrograph sl i ts  were opened f u l l y  (8A band- 

pass) s o  t h a t  reasonable d e n s i t i e s  could be obtained f o r  s h o r t  exposure t i m e s  

approaching those of t h e  d a t a  runs. 

func t ion  of wavelength w e  used t h e  values of Hattenburg and Kostkowski 

For relative carbon arc i r r ad iance  as a 

88 . 
The above relative c a l i b r a t i o n s  relate photographically recorded 

i n t e n s i t i e s  a t  a l l  po in t s  i n  a spectrum. ..An absolu te  i n t e n s i t y  c a l i b r a t i o n  

tThe carbon arc is  no t  b r i g h t  enough t o  provide t h e  range of l og ( in t ens i ty )  
w e  r equ i r e  t o  cons t ruc t  fieidel curves. 
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at any wavelength thus converts t h e  e n t i r e  recorded spectrum t o  an 

absolu te  scale. W e  apply absolu te  c a l i b r a t i o n s ,  o r  r a t h e r ,  w e  t r a n s f e r  

absolu te  p h o t o e l e c t r i c  c a l i b r a t i o n s ,  a t  6-10 d i f f e r e n t  wavelengths. 

This is  done on a r o u t i n e  shot-by-shot b a s i s  during t h e  d a t a  

runs.  W e  thus avoid any cr i t ical  dependence of absolu te  f i l m  s e n s i t i v i t y  

29 93 upon such hard  t o  r egu la t e  f a c t o r s  ds exact developer temperature, p rec i se  

method of a g i t a t i o n ,  and ambient humidity. The pho toe lec t r i c  SQUID channels 

B .* 
are a l l o c a t e d  f o r  t h i s  purpose, being placed on t h e  red ha l f  of 

Because i n t e n s i t y  vagies by a t  least ha l f  an order  of magnitude between the  

peak and wings of t h e  H p r o f i l e ,  t h i s  pos i t ion ing  insures  t h a t  at  least 

H 

some of t h e  PM channels w i l l  correspond t o  use fu l  f i l m  d e n s i t i e s  (i.e. 

d e n s i t i e s  n e i t h e r  on t h e  foo t  nor t he  shoulder of t h e  Se ide lcu rve )  regard less  

of t h e  plasma conditions.  

are t i m e  resolved. 

arrival of t h e  f i r s t  r e f l e c t e d  and multiply r e f l e c t e d  shocks, and are there- 

f o r e  e a s i l y  sychronized with each o ther .  

Both t h e  photographic and pho toe lec t r i c  records 

Both conta in  e a s i l y  recognized time-markers such as t h e  

Figure 41 presents  t h e  d a t a  from a p a r t i c u l a r  f i r s t  r e f l e c t e d  

shock plasma: 

are represented by vertical b a r s ,  each with a he ight  

t he  absolu te  i n t e n s i t i e s  deduced from e i g h t  SQUID channels 

I- x R =  Y 

B;(T = 3,800°K) 

where I" is  t h e  s l i t  averaged i n t e n s i t y  f o r  t h e  p e r t i n e n t  1 A  segment 
0 

. a  
of H and Bx(T = 3,800'K) is  t h e  carbon arc i n t e n s i t y  averages over B 
t he  same Ifi bandpass ( t h e  width of t h e ' b a r s  i n  t h e  f i g u r e  are accordingly 

wide). The superimposed ha l f -p ro f i l e  of Hg is  t h e  simultaneously recorded 

photographic relative i n t e n s i t y ,  I ( h )  , sca led  by t h e  f a c t o r  01 , 
re1 
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0 

where X 

channel. (Only 8 of t h e  12 SQUID channels were used on t h i s  shot . )  

henceforth use t h e  no ta t ion  

is the  mean wavelength monitored by the  j - th  1.OA wide SQUID 
j 

W e  

* 
R ( A )  = axI(A) 

re1 

t o  denote the  absolute  photographic i n t e n s i t y  i n  u n i t s  of loca l  carbon 

arc i n t e n s i t y .  

Data from t h e  run depicted i n  Fig. 4 1  gives a somewhat b e t t e r  
* 

than usual  agreement between photoe lec t r ic  R values and R (A ) values.  

and More typ ica l ly  R,/R (A,> = 1.0 2 6% on t h e  central port ions of H 

j j * 
e y  J J * 

R./R (Aj) = 1.0 f 15% on t h e  
J 

f i t t e d  t o  e igh t  channels with 

of t he  t r a n s f e r  from absolute  

w e  compare t h e  a values f o r  
4- 

wings (channels 11 and 12), so  t h a t  .a can be 

a 3% - 4% precis ion.  

photoe lec t r ic  t o  absolute  photographic i n t e n s i t i e s ,  

d i f f e r e n t  exposures made on the  same piece of 

To check on the  accuracy 

f i l m ' .  

development, w e  expect a l l  port ions of t he  same f i lm t o  have the  same absolute  

Apart from minor va r i a t ions  i n  the  emulsion s e n s i t i v i t y  o r  t he  l o c a l  

s e n s i t i v i t y ,  i .e . ,  a should be constant fo r  a l l  exposures on the  same 18" 

piece of f i lm,  We f ind  f o r  t h r e e  da ta  runs shar ing the  same f i lm t h a t  the  three 

U-values w i l l  usual ly  agree t o  wi th in  5% - 10% with t h e i r  average. 

comparing t h e  average 

10% - 20% disagreement: 

However, 

a-value of two d i f f e r e n t  f i lms ,  w e  t yp ica l ly  f ind  a 

so t h i s  shot-by-shot .. c a l i b r a t i o n  technique reduces 

scatter i n  absolute  photographic photometry by a f a c t o r  of two. 

'Because f i lm  loading, unloading and developing i s  t ed ius  
t o  use a s i n g l e  18" length of drum camera f i lm  t o  make three  successive ex- 
posures -- overlapping of two t i m e  resolved spec t r a  occurs only once i n  20 
runs recorded i n  t h i s  way. 

i t  is advantageous 
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Figure 4 1  a l s o  checks on t h e  v a l i d i t y  of our log(Irel) versus 
T - log(=) 

h = 4861 i  

t o  SQUID channel #12) is only a few percent ,  while the plasma br ightness  a t  

c a l i b r a t i o n s  a t  4 8 6 d  : the change i n  f i l m  s e n s i t i v i t y  between 

(corresponding t o  SQUID channel #l) and h = 4907; (corresponding 

these  two wavelengths t y p i c a l l y  d i f f e r  by f a c t o r s  of 3 t o  10, depending on 

shock conditions.  By neglec t ing  t h e  s m a l l  change i n  f i l m  s e n s i t i v i t y  over 

4 6 i  then, comparing R ( A , )  aga ins t  R f o r  a l l  8 channels amounts t o  check- 

ing  t h e  relative photographic i n t e n s i t i e s  aga ins t  the relative pho toe lec t r i c  

* 
3 j 

i n t e n s i t i e s  a t  a f ixed  wavelength. 

W e  i m p l i c i t l y  perform another check on our Se ide l  curves when w e  

measure relative l i n e  i n t e n s i t i e s  wi th in  t h e  same mul t ip l e t  using a wide 

range of source temperatures. 

and are o p t i c a l l y  t h i n ,  t h e  r a t i o  of t h e i r  i n t eg ra t ed  i n t e n s i t i e s  should be 

independent of source conditions.  

l i n e  i n t e n s i t i e s  exponentially.  I f ,  f o r  example, t h e  two l i n e s  belong t o  an 

SI1 mul t ip l e t ,  and one is, say, t h r e e  t i m e s  b r i g h t e r  than the  o the r ,  one then 

expects t h e  r a t i o  of t h e i r  i n t e n s i t i e s  t o  behave as follows: 

I f  two l i n e s  arise from t h e  same exci ted  state 

Varying source temperature scales both 

21 45 
T = 10,000'K T = 10,5000K T = 11,000'K T = 11,500'K 

Therefore, relative i n t e n s i t i e s  w i l l  not be  independent of temperature i f  

an erroneous l o g  Irel versus - log(-) curve is used. T 

As an add i t iona l  s e l f  consistency check on both log  Irel versus 

T - log(=) 

t h e  same s p e c t r a  ( C I ,  SI .and S I1  i n  t h e  region 4600x 6 h 6 5700;) using 

independently ca l ib ra t ed  62475 and 103-F emulsions.. Relative A-values deduced 

and t h e  change of emulsion s e n s i t i v i t y  w i t h  wavelength, w e  measured 
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from both sets of d a t a  runs agreed w i t h i n  expected to le rances .  

t h e  average of 15 runs using #2475 gave t h e  A-value of 

relative t o  Hy(A = 43401) c o r r e c t  t o  9% ( d i f f i c u l t y  i n  d iscr imina t ing  H 

wings from t h e  l o c a l  continuum may be  p a r t i a l l y  respons ib le  f o r  the 9% 

discrepancy. ) 

7. 

Moreover, 

H ( A  = 486113) 
- 6  

Y 

Simultaneous photographic and pho toe lec t r i c  measurement of 

C I  A5052 i n t eg ra t ed  i n t e n s i t y .  

i n t e n s i t y  of C I  A5052 w a s  simultaneously measured two independent ways; 

by t i m e  resolved photography and a l s o  pho toe lec t r i ca l ly .  Because peak o p t i c a l  

depths of C I  A5052 never exceeded .03 - .04, o p t i c a l  depth cor rec t ions  could 

be neglected,  making reduct ion  of t h e  photographic in t eg ra t ed  i n t e n s i t i e s  a 

I n  our d a t a  runs the absolu te  in t eg ra t ed  

matter of simply measuring t h e  area contained wi th in  t h e  l i n e  p r o f i l e .  The 

width of t h e  spectrograph sl i t ,  o r  i ts  r e l a t i o n  t o  t h e  l i n e s  halfwidth,  need 

not  be  known wi th  t h i s  type of recording. W e  denote t h e  p r o f i l e ' s  area as 

R* when i t  i s  measured i n  u n i t s  of (Irel x a ) ~  2.0i , T h i s  form is con- 

venien t  f o r  computation s i n c e  

relative t o  BA(T = 3800OK) x 2.0i . 
d i r e c t l y  comparable wi th  

pho toe lec t r i ca l ly  recorded us ing  a 2.OA bandpass. 

C * 
is  t h e  in t eg ra t ed  i n t e n s i t y  of C I  A5052 

* RC 

The f a c t o r  2.0 is  used t o  make Rc 

Rc , t h e  absolu te  in t eg ra t ed  i n t e n s i t y  of C I  A5052 
0 

The pho toe lec t r i ca l ly  recorded C I  A5052 absolu te  i n t e n s i t y  w a s  

measured using a 2.0i bandpass. Depending on plasma e l e c t r o n  d e n s i t i e s ,  

between 40% and 70% of t h e  l i n e s  t o t a l  energy w a s  s l i t - i n t e g r a t e d  wi th in  t h i s  

bandpass. 

S t a rk  broadening f o r  t h i s  l i n e ,  i t s  shape is  e s s e n t i a l l y  Lorentzian. 

apply eqn. [21] t o  c o r r e c t  f o r  t h e  wing i n t e n s i t y  not  viewed by the 

To estimate t h e  ( f u l l )  S t a fk  halfwidth,  A x s  , 

Because Doppler broadening is i n s i g n i f i c a n t  compared t o  

We 

PM . 
w e  use (cf. eqn. [13]) measured 
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e l e c t r o n  d e n s i t i e s  and experimentally determined (cf. Chapter VII) 

S ta rk  broadening parameters. W e  de f ine  Rc as; 

0 
where 

arc i n t e n s i t y  at  505g , both viewed wi th  t h e  same 

is t h e  r a t i o  of observed i n t e n s i t y  at  505211 t o  the carbon 

bandpass. 

Bridges 25 mentions a second wing co r rec t ion  t h a t  should normally 

be  used: t h e  wings of C I  A5052 extend out  f a r  enough t o  cont r ibu te  t o  

a t  5079i , thus making Rc ( s l i g h t l y )  too small. However, C I  A5052 

is s l i g h t l y  too 
RCB 
is i t s e l f  s i t u a t e d  on t h e  wings of 

l a rge .  The relative i n t e n s i t i e s  of C I  A5052 and C I  AA5041 causes 

G I  AA5041, so RC 
L+B 

these  two s m a l l  co r r ec t ions  approximately t o  cancel. 
* 

Comparison between Rc and Rc d a t a  is  made i n  Fig. 42 

The scatter i n  these  d a t a  conform t o  our previous estimates of 15% - 25% 
prec i s ions  f o r  t h e  photographic recording and 5 10% - 20% prec is ions  f o r  

t h e  pho toe lec t r i c  recording. 

C I  A5052 A-value, which depend l i n e a r l y  upon e i t h e r  Rc o r  RC , w i l l  

conta in  at  least as much relative scatter -- a contention t h a t  is  borne out  

We must a n t i c i p a t e  t h a t  our r e s u l t s  f o r  t h e  
* 

by Fig. 8 . 
* 

Besides t h e  scatter i n  Rc versus Rc , f o r  which we can 

account, t h e r e  is  t h e  systematic discrepancy, 

% %  %* 
Rc - 1.07 Rc ¶ . .  

whose source w e  do no t  know. Systematic e r r o r s  i n  Rc can arise from in- 

c o r r e c t  absolu te  i n t e n s i t y  c a l i b r a t i o n ,  o r  improper e x i t  slit alignment, 
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R I(X)dX 12.0 * By(T=3,800 OK)  

R, From photoelectric values for line and bcal background. 

R t  Photographic Rsult, fitted to photoelectric SQUID data. 

I 
/ 

/ 
/ 

e 
/ 

Typical error 

V a 
/e 

/ e 
/ 

/ 
/ 

e (Reject) 

Fig. 42 : Comparison of Simultaneous Measurements of Integrated Absolute 
intensity of CI A5052 : Wing-Corrected Photoelectric Recording 
vs . "SQUID" Calibrated Photographic Recording. 
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* 
while Rc is susceptible to errors in the interpretation of CI A5052 

profiles and incorrect absolute calibration factors a . We estimate 
Rc and Rc have roughly equivalent accuracy. The 7% level of agreement 

between R and Rc is well within experimental tolerance. We use 

* 
% %* 

C 
1 * 5 (Rc+Rc) as the best-estimated absolute intensity for each of the 39 

* 
runs where both R and Rc are available. C 

8. Method of recording absolute integrated intensities of Ha , 
and lines studied for A-values. With the exception of 

all integrated absolute integrated intensities were routinely 
' HB Ne1 A5852 

CI A5052 

measured a single way, either photoelectrically or photographically. 

Neon I A5852 was measured using photoelectric line and background 
0 

channels on the B&L one meter spectrograph. 

are more than ten times wider than typical full halfwidths, wing corrections 

amounted to only a few percent. Using Griems value for the A5852 Stark 

broadening parameter and the NBS value of 

probability, we followed the methods outlined in Chapter I1 to compute 

optical depth corrections: 

amounted to less than 10% of observed intensities. 

Because the 2A entrance slits 

7 

8 -1 13 
,719~10 sec for its transition 

at temperatures less than 12,000°K, self-absorption 

The 2 1  wide central portion of Ha was measured photoelectrically 

and interpreted via the methods outlined in Chapter 11. When slit-averaged 

optical depths exceeded 0 .5 ,  local background contributions to the slit- 

integrated intensity were negligible, as seen from the detailed portion of 

curve "C" in Fig. 4 . For lower mean optical depths, local background 

intensities, 

were taken into account in forming 

IB , (monitored by the photoelectric channel at A = 6592i 1 
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The in tegra ted  i n t e n s i t y  of H w a s  taken i n  a manner B * 
analogous t o  Rc , except t h a t  f o r  HB o p t i c a l  depth correct ions were 

rout ine ly  appl ied,  as explained i n  Chapter 11. 

T 

SQUID channels provide t h e  absolute  photographic i n t e n s i t y  per  wavelength 

i n t e r v a l  necessary f o r  t h e  o p t i c a l  depth correct ion.  

For t h i s  purpose w e  used 

o r  Tu (c f .  next sec t ion)  f o r  t h e  approximate temperature. The neon 

In tegra ted  absolute  i n t e n s i t i e s  of a l l  o the r  l ines  ( for  example, 

S i 1  h5948, S i 1 1  XX5056, P I 1  h5053) w e r e  measured as R* values ,  w5th 

o p t i c a l  depth cor rec t ions  appl ied f o r  cases where peak o p t i c a l  depths 

exceed .05. 

C. Temperature Measurements 

1. Introduct ion,  Temperature w a s  simultaneously measured four 

independent ways i n  t h e  t y p i c a l  d a t a  run, using the  following observations:  

absolute  in tegra ted  i n t e n s i t y  of (op t i ca l ly  th in)  H , t he  absolute  in te -  

grated i n t e n s i t y  (usual ly  o p t i c a l l y  th in )  of 

B 
N e 1  A5852 , the p a r t i a l l y  

B '  in tegra ted  o p t i c a l l y  th i ck  po r t ion  of Ha , and the  halfwidth of H 

I n  perhaps 40% of t h e  runs two addi t iona l  temperatures, 

t he  inc ident  shock speed, and 

a l s o  measured. 

deduced from 
TS1 

Trev , a l ine- reversa l  temperature, were 

These were not  rout ine ly  used i n  reduction of the  A-values 

f o r  reasons discussed below. 

Each of t h e  measured temperatures has i t s  own s u s c e p t i b i l i t y  

t o  systematic  e r r o r s  (cf .  Table I ). 

dependence on absolu te  i n t e n s i t i e s  , source pressure and source composition, 

the  four  temperatures cannot agree unless they are f r e e  from s i g n i f i c a n t  

systematic  e r ro r s .  

perhaps be arranged t o  make these fohr  temperatures agree a t  some s i n g l e  

Because of t h e i r  widely d i spa ra t e  

. .  
While some set of hypothet ical  systematic e r r o r s  could 
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Table I . 

Temper- 
ature 

COMPARISON OF ERROR PROPAGATION AND SCATTER FOR 

DIFFERENT METHODS OF OBTAINING PLASMA TEMPERATURE* 

0 
Scatter + Relative error (%) in temperature determinations due to 
for 37 
shocks 

+lo% errors in the following measured variables. 
absolute absolute initial partial effective 
plasma integrated pressure of plasma 
pressure line intensity additive gases . thickness 

OK 

70 + 2.5 + 2.8 

118 + 1.0 + 1.0 B 
T 

+ 2.5 

+ 1.0 

+ 2.5 

+ .o 

Tneon 90 + .4  + .4 .o + .4 

220 + .9 .o + .9 .o A% 
T 

* 
For a shock tube plasma of initial composition +$ CH +$% CS + 99% neon , 

at mean pressure 9.0~10 dyne cm and mean temperature 11,6OO0K . 
4 2 

6 -2 

0 
# 

'For the i& shock we take Ti = L(T, + T + T + T ) and define 

''scatter" = - 1 ITi - Til for the 37 data plotted in Figure 4 3 .  

8, neon A4 
i i 

1 37 rJ 

37 i-.1 
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spurious value, a spurious agreement cannot be maintained over a 2500'K 

range of source temperature, for with different test gases, or with 

widely varying pressures. 

equivalent precisions then their average is statistically twice as reliable 

as any one of them alone. 

If the four redundant measurements have roughly 

Figure 43 may convey the impression that mutual agreement between 

the redundant temperature determinations inevitably follows when reasonable 

care is exercised in making the individual measurements. Our experience in- 

dicates that to achieve mutual agreement on the first attempts (i.e. to start 

out with a system free of systematic errors) 

as well. 

equal number of preliminary runs in which there were significant disagreements 

between the various temperatures. 

would require very good luck 

The shots represented by the data in Fig.43 were preceded by an 

The first and largest disagreement noticed in the preliminary data 

runs was that the temperature deduced from Ha , Ta , was falling between 
5% and 10% lower than the average of the other temperatures. 

calibrations against the carbon arc did not alter this pattern, while signal 

levels were far below the saturation levels established in prior bench 

testing of the photomultipliers. 

tween the shapes of flash lamp discharges recorded by the 

H 

tablished local greyness of the flash lamp spectrum. 

channel to the in situ linearity check, outlined in Section B, 

photomultiplier to be saturating at 1/4 the previously required signal levels. 

Replacing the faulty photomultiplier caused 

temperatures. 

Repeated re- 

However, a slight difference was noted beT 

H line and by 

This was puzzling in view of the previously es- 
a 

background channels. a 
Subjecting the Ha 

a showed the H 

,. 
Tbi to group with the other 
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TEST GASES: ( ~ % C H 4 + ~ X C S , + 9 9 %  NEON) 

AND (1% CH,+99 X NEON 1 

t 

10.0 

10.5 11.0 I I5 12.0 12.5 9.5 
10.0 

AVERAGE OF MEASURED TEMPERATURES, xi03 OK 

2 O N  15852 
vABSOLUTE INTENSITY OF Ha,  SLIT-AVERAGED 

-OBSERVED HALF-WIDTH OF Ha OVER OPTICALLY THICK CENTRAL PORTION 

Fig. 4 3 :  Comparison of Four 'Simultaneous Temperature Measurements in First- 

Reflected Shocks. 



159 

O n  numerous occasions, o p t i c a l  p a r t s  were inadvertent ly  moved out of 

a l i g h e n t  -- having t h e  e f f e c t  of spoi l ing  t h e  absolute  ca l ib ra t ion  of a 

spectrograph. 

se r ious  e r r o r s  could e a s i l y  have escaped immediate detect ion.  

I f  i t  had not been f o r  our redundant temperature 

Redundant temperature measurements a l s o  test the va l i  

our assumptions concerning LTE and source homogeneity, as discussed i n  

Sect ion G of t h i s  chapter and Chapter I V Y  respect ively.  

. T  2. Measurement of Tneon is  the  temperature solved f o r  

13 8 
neon 

when eqn. [l] is applied t o  the l i n e  N e 1  A5852 and the  NBS value .719x10 sec‘l 

is  used f o r  t h e  N e 1  A5852 t r a n s i t i o n  probabi l i ty .  The 1.5 meter B&L spectro- 

graphy with i t s  s l i t  opened t o  a 2.0i  bandpass, w a s  used t o  measure 

Because t h e  entrance sl i t  width is  5 t o  10 t i m e s  Rneon L+Bk and Rneo%k 

g r e a t e r  than the  typ ica l  N e 1  A5852 f u l l  halfwidth,  no wing correct ions were 

necessary. Although o p t i c a l  depth correct ions were applied t o  (R c 

neongk 
R ) when T > 12y0000K, t h i s  cor rec t ion  w a s  only marginally s’ignificant 

s ince  i n  no cases did t h e  cor rec t ion  t o  T 
neo%k 

amount t o  more than + 1%. 

Because of its 18.9 ev exc i t a t ion  energy, t he  i n t e n s i t y  of 

neon 

N e 1  A5852 

a is  very s e n s i t i v e  t o  changes i n  the  (space-averaged) source temperature; 

1% change i n  T w i l l  produce a 25% change i n  R = (R 

Conversely, T 

va r i ab le s  p , and t h e  absolute  i n t e n s i t y ,  R 

- R  n e 0 4  * n e o z  

is r e l a t i v e l y  i n s e n s i t i v e  t o  e r r o r s  i n  t h e  measured 

as Table shows. 

neon 

n e o t  

Tneon . W e  found two disadvantages with It i s  unre l iab le  below 

is  s t rongly  10,OOO°K where the  pifference between Rneo and Rneo%k z+* 
af fec ted  by noise.  A purely opera t iona l  problem is t h e  d i f f i c u l t y  i n  main- 

.. 
t a in ing  a good CRO d isp lay  of R when faced w i t h  shock tube n o m  

neo?ii-Bk 
reproducib i l i ty .  

trace he ight  t o  a f e w  m o r  throw it o f f  scale. 

Typical - + 3% var i a t ions  i n  source temperature can reduce the  
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3. Measurement of T . The temperature T is  deduced 
A% 

from observed pressure  and t h e  halfwidth of HB . Using the  S ta rk  broaden- 
56 

i c t i o n s  of G r i e m  t o  ob ta in  the  plasma e l e c t r o n  dens i ty ,  w e  then 

e coupled Saha-Boltzmann equations and measured pressure  t o  deduce 

T 

For our t y p i c a l  shock tube plasmas a 5% e r r o r  i n  t h e  

width causes a 4% e r r o r  i n  T , s o  p a r t i c u l a r  care should be taken i n  

measuring t h i s  va r i ab le .  

several hundred 1ngstroms on e i t h e r  s i d e  of HB 

d i s t ingu i sh  t h e  l i n e s '  wings from the  l o c a l  continuum unless 

broad (Ne?.1017cm-3). 

HB ha l f -  

A, 5 
Because our photographic scans usua l ly  extended 

, it w a s  not d i f f i c u l t  t o  

H w a s  very B 
The halfwidth w a s  usua l ly  taken t o  be simply t h e  

width of t h e  H 

t e n s i t y  i n t e r p r e t e d  as t h e  average of the  red  and b lue  peak i n t e n s i t i e s .  

Although b e t t e r  p rec i s ions  were poss ib le  by multi-point f i t t i n g  of t h e  

p r o f i l e  a t  ha l f  maximum i n t e n s i t y ,  with the  maximum in- 6 

observed p r o f i l e s  t o  t h e o r e t i c a l l y  pred ic ted  shapes, as w a s  done f o r  a few 

d a t a  runs, t h i s  procedure proved too t i m e  consuming f o r  rou t ine  use. Before 

reading t h e  halfwidths, t h e  HB 

o p t i c a l  depth co r rec t ion  ou t l ined  i n  Chapter 11: 

the  apparent halfwidths by 1% - 4%. 
w e r e  a l s o  rou t ine ly  applied. 

these  latter co r rec t ions  seldom reduced t h e  apparent 

than 2%. 

p r o f i l e s  w e r e  t r e a t e d  t o  the point-by-point 

t h i s  co r rec t ion  reduced 

Corrections f o r  the instrument p r o f i l e  

However, t h e  normal bandpass w a s  1.01, so  

H halfwidths by more 8 

S c a t t e r  (random e r r o r )  i n  our measured halfwidths varied between 

5% and lo%, depending on t h e  type of plasma studied. 

17 -3 N e > l O  cm p rec i s ions  dropped t o  perhaps 15%, because the 

became very d i&se ,whi le  f o r  a few sho t s  where T > 12,000'K and 

For shocks where 
I .  

Hg p r o f i l e s  
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Ne*4x1016cmq3 , precisions also .fell to 15% because the 
of the HB profile became so bright that they produced 

dense for accurate reduction to intensities. 

central portions 

emulsions too 

We are aware of no sources of systematic error. Interference 

from superimposed lines should not be a problem, since lines strong enough 

to discriminate from grain were recognized in our wavelength resolved 

recordings. 

temperatures deduced from the H halfwidth agreed with the other'three 

independent temperatures equally well in all test gases whose composition 

was precisely known. 

While weak, broad, recombination features might escape detection, 

B 

In reducing the H halfwidths to electron densities, we inter- B 
56 polated Griem's tables for both electron density and temperature. 

An obvious advantage of T to the current work is its freedom 
A% 

from reliance on absolute intensity calibrations (except for small optical 

depth corrections), so with respect to this important source of error it is 

qualitatively different from our other measured temperatures. 

T is obtained at practically no extra expense when T (described below) 

is measured. 

Moreover, 

A1 B 
5 

Two disadvantages of T are the poor precision in measuring 
' x'*i 

A, (cf. Table I ), and the sensitivity of plasma electron densities to 

readily ionized wall contaminants whose (small) concentrations are difficult 
5 

to estimate accurately. 

4. Measurement of T . Using the 
B '  corrected absolute intensity profile of 

pressure and known A-value of H eqn. 113 

We refer to this temperature as 

B 
H 

I .  

8 

TB * 

area under the optical depth- 

together with the measured 

can be solved for temperature. 
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Errors  i n  t h e  absolu te  in t eg ra t ed  i n t e n s i t y  of H can arise 
B 

p r o f i l e  o r  from e r r o r s  i n  t h e  absolu te  from problems i n  d e l i n e a t i n g  t h e  HB 
f i l m  ca l ib ra t ion .  We have a l ready  discussed these  two e r r o r  sources 

sepa ra t e ly :  t y p i c a l  p rec i s ion  f o r  t h e  in t eg ra t ed  absolu te  H i n t e n s i t y  

is 10%. We the re fo re  expect (c f .  Table I ) a t  least a 1% s c a t t e r  i n  T 

The impurity levels of hydrogen (from w a l l  contaminants) are too small t o  

s i g n i f i c a n t l y  a f f e c t  T (cf.  Section F) .  S c a t t e r  is measured pressures 

(c f .  Section D) t y p i c a l l y  con t r ibu te s  less than 0.5% scatter t o  T . . 

B 

B '  

B 

B 
5. Measurement of Ta . Given t h e  p a r t i a l l y  s l i t - i n t eg ra t ed  

absolu te  i n t e n s i t y  of Ha and t h e  plasma pressure ,  eqn, 173 can be solved 

f o r  temperature. An i l l u s t r a t i v e  example of t h i s  procedure w a s  given i n  

Section B following t h e  d iscuss ion  of t h e  i n  s i t u  i n t e n s i t y  ca l ib ra t ion .  

Although they both u t i l i z e  the  known A-values of B a l m e r  l i n e s ,  

B Ta and T have q u i t e  d i f f e r e n t  func t iona l  dependence on observed va r i ab le s  

( c f .  Table I ). This d i f f e rence  stems from t h e  d i s p a r a t e  peak o p t i c a l  

depths of t he  two l i n e s  r a t h e r  than from t h e  small d i f f e rence  i n  t h e i r  

e x c i t a t i o n  energ ies  Under our normal plasma conditions t h e  peak o p t i c a l  

depths of Ha are 0.5 - 3.0 while peak o p t i c a l  depths of H are 0.04 - 
0.20. So t h e  po r t ion  of H 

sha re  t h e  s t rong  thermal dependence of H . 

B 
w e  monitor is  near ly  a black body and does not  a 

B 
Unlike t h e  o the r  temperatures w e  measure, which depend on space- 

averaged q u a n t i t i e s  throughout t h e  depth of t h e  source, T depends a 

pr imar i ly  on conditions i n  por t ions  

Therefore, reproducible macroscopic 

of s i g h t  would cause Ta t o  d i f f e r  

of t h e  plasma nea res t  t he  de t ec to r .  

temperature g rad ien t s  along t h e  l i n e  

sys temat ica l ly  from Tneon 2 *B o r  
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T, is our most precise temperature determination (cf. Table I 1. 

The two reasons why Ta is precise are that the central portion of H is 

very bright, so signal-to-noise ratios are excellent; and T has only a 

slight dependence on measured pressures. The accuracy of T , however, 
is not felt to be superior to the other T 

is particularly sensitive to error in absolute intensity calibrations (cf. 

Table I ) and also because of the uncertainty in the Stark broadening of 

U 

a 

a 
measured temperatures because a 

6. ComDarison of the redundant temperature measurements. In 

Fig. 43 we show temperature data for 37 shock tube runs employing 

%% CS2 + 99% neon or 1% CH4 + 99% neon. 
four redundant temperature determinations, Tneon , Th, , TB and T 

against their average, T . 
were available. ) 

CH4 + 
For each of these runs we plot the 

01 
% 5 

(In a few runs only three of the four temperatures 

Over the depicted temperature range, 10,100'K C\ 13,300°K, none of 

the four types of temperature measurement show a significant systematic 

disagreement with T . The diverse functional dependence of these four 

temperatures upon several experimental vqriables is shown in the last four 

columns of Table I . We interpret this persistent agreement between four 
independent measurements 

systematic (repeatable) error. 

% 

to indicate that 2 'does not contain more than 1% 

Approximately 85% of all temperature determinations fall within 

- + 200'K of 

for a particular run is between 1% - 1.5%. Precisions are better in the range 

11,200 6 T f 11,700'K than at lower temperatures, where poorer signal-to-noise 

? . We therefore estimate that the random error (scatter) in ? 

,. % 

ratios are the rule, or at higher temperatures, where film densities sometimes 

get undesirably large and where low initial test 'gas pressures (needed 'to obtain 
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s t rong  shocks) are less conducive t o  steady shock tube flows. Temperature 

d a t a  f o r  o t h e r  test gases are similar t o  those  of Fig. 43 except t h a t  most 

runs i n  SiH4 were too cool  ( t y p i c a l l y  9,500'K) t o  give r e l i a b l e  Tneon 

da ta .  

The two anomalous T temperatures shown i n  the f i g u r e  were 
A% 

r e j e c t e d  on s ta t is t ical  grounds. 

these  two runs f a i l e d  t o  d i s c l o s e  reading e r r o r s  o r  phys ica l ly  p l aus ib l e  

reasons why these  two d a t a  should depar t  so  markedly from 

Thorough re-examination of the da ta  f o r  

'L 
T . 

The four  redundant temperature measurements are not equal ly  precise. 

The second column of Table I gives  t h e  quantity:  

computed f o r  t h e  37 sho t s  depicted i n  Fig. 43 . This method of specifying 

p rec i s ion  ranks t h e  temperature measurements, i n  order  of decreasing prec is ion ,  

, and T 
A, * 1 

9 Tneon , T~ as Tu 

7. Reversal temperature and shock speed temperature. Although 

inc iden t  shock speed, 

reversal i n t e n s i t y  a t  

, deduced f r o w t h e s e  d a t a  were f i r i n g s ,  t h e  two temperatures, 

no t  rou t ine ly  used f o r  t h e  reduction of A-values, i .e.,  were not rou t ine ly  

used i n  forming T 

S1 , 
Ha 

w a s  recorded f o r  50% of our d a t a  runs and t h e  

w a s  recorded f o r  perhaps 40% of our shock tube 

T S l  and Trev 

'L 

The r e l i a b i l i t y  of hinges not only on t h e  assumption of LTE 

, TB and TA b u t . a l s o  on t h e  more questionable 
% neon 9 Ta as do T 

assumption ( c f .  Chapter I V )  t h a t  shock tube hydrodynamics can h e  accura te ly  

described by a one-dimensional model. While t h e  systematic disagreement 
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'L 
and l a r g e  scatter i n  T versus T shown i n  Fig. 19 do not 

s1 
'L 

recommend t h e  inc lus ions  of T i n  T , t h e  f a c t  t h a t  t h e  disagree- 

ment between our fou r  spectroscopic temperatures and t h i s  hydrodynamic 

s1 

temperature i s  t y p i c a l l y  not g r e a t e r  than  5% is add i t iona l  evidence t h a t  

boundary l a y e r s  do not gross ly  d i s t o r t  t h e  laminar geometry. 

Those occasions on which T w a s  a v a i l a b l e  ( i  .e. , t h e  f l a s h  rev 
lamp w a s  functioning properly) almost always coincided with plasma con- 

d i t i o n s  giving 1 .5  f T d 3.0 , so  t h a t  t h e  reversal i n t e n s i t y  d i f f e r e d  

l i t t l e  from t h e  s l i t -averaged  emission of Ha . To include both Ta 

and Trev 

temperature measurement twice with respec t  t o  T T and TX4 . 
While t h i s  double weighting might not make T less r e l i a b l e ,  t he re  is  no 

e f f  

'L 
i n  T f o r  t hese  runs would the re fo re  weight e s s e n t i a l l y  t h e  same 

neon' 6 

a p r i o r i  reason t o  be l i eve  i t  improves it. We w e r e  t he re fo re  content t o  

employ t h e  reversal i n t e n s i t i e s  s o l e l y  f o r  t h e  i n t e r n a l  i n t e n s i t y  dali- 

b ra t ions  discussed i n  Section B. 

To f o r e s t a l l  ob jec t ions  t o  our later use of T = 1/4(Tneon + T a + T  . B  + 
'L 

T ,) f o r  computing X%(P,?) and Amn(P,T) of HB : i t  is r e a l i z e d  that? 
A4 

'L 
T is  not  l i n e a r l y  

of X%(P,?'> and 

1/3(TneOn+ Ta + 

independent from 

A (P,?") , where 

TAQI , would have 

mn 

. However, computation 
B 

TX and T 

T 'Ll = - 1/3(TneOn+ Tu + TB) and 

e f f e c t i v e l y  t r i p l e d  an already l a r g e  

?'I by 
'L 

number of ca l cu la t ions .  Since T hard ly  ever d i f f e r s  from ?' o r  

as much as 1% i n  a usua l  d a t a  run, i t  w a s  f e l t  - t h i s  add i t iona l  labor w a s  . 

unwarranted. 
,. 
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D. Pressure Measurements 

1. Cal ibra t ion .  The quar tz  transducer and charge ampl i f ie r  were 

ca l ib ra t ed  (mV/psi) t h ree  d i f f e r e n t  ways. 

t o  zf. 5%. 

These c a l i b r a t i o n s  agreed mutually 

One c a l i b r a t i o n  w a s  supplied by t h e  manufacturer. The second w a s  

a statist ic c a l i b r a t i o n  aga ins t  a dead weight tester. 

dynamic c a l i b r a t i o n  using two s m a l l  chambers maintained a t  a few p s i  

d i f f e r e n t i a L p r e s s u r e  and separated by a cellophane diaphragm; 

r e g i s t e r e d  the change i n  pressure  when a plunger opened the  diaphragm. 

The t h i r d  w a s  a 

the transducer 

For t h e  d a t a  runs a s i n g l e  transducer w a s  mounted on t h e  top w a l l  

To v e r i f y  of t he  shock tube i n  t h e  same plane viewed by the  spectrographs. 

whether t he  pressure  measured side-on a t  t h i s  l oca t ion  w a s  the same as i n  

the  bulk of t h e  plasma, a number of preliminaryt t r ia ls  simultaneously employed 

a second ( s imi l a r ly  ca l ib ra t ed )  transducer mounted i n  the center  of t h e  end 

w a l l .  To wi th in  mutual to le rance  Czf. 7%) both of t hese  transducers recorded 

i d e n t i c a l  p ressures  when read a t  t h e  same t i m e  with respec t  t o  arrival of t he  

r e f l e c t e d  shocks. 

2. Measurements behind t h e  r e f l e c t e d  shock. U s e  of transducers 

t o  measure shock tube pressures  is complicated by two types of in te r fe rence .  

One is modulation of t h e  des i red  transducer outputs by t h e  c h a r a c t e r i s t i c  130 

kJ3z r ing ing  of t h e  p i e z o e l e c t r i c  quartz c r y s t a l .  A jud ic ious  choice of 

transducer mounting, as discussed i n  Chapter V,  Section B , can reduce 

e x c i t a t i o n  of t h i s  r ing ing  by as much as a f a c t o r  of 3 . The r ing ing  

amplitude can be reduced a f u r t h e r  f a c t o r  of 2 by using a Kistler 

* .  
tThe two transducers could be used simultaneously only during preliminary runs 
employing an end f lange  without t h e  plug used t o  advance the r e f l e c t i n g  plane 
i n t o  view of t h e  windows.’ It w a s  discovered (too late t o  e f f e c t i v e l y  remedy) 
t h a t  t h e  apparently s o l i d  steel end w a l l  plug w a s  f u l l  of minute f i s s u r e s .  
These f r u s t r a t e d  attempts t o  make a vacuum-tight i n s t a l l a t i o n  of an end. w a l l  
t ransducer f o r  use during regular  d a t a  runs. 
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tuned in t e r f e rence  f i l t e r  i n  series with the charge amplif ier  output. 

The r e s idua l  r inging then causes no more than a few percent ambiguity i n  

the  i n t e r p r e t a t i o n  of t h e  pressure record,  as can be judged from the  typ ica l  

CRO trace given i n  Fig. 45. 

A second in te r fe rence  arises because the  transducer responds t o  

plasma e l ec t ron  densi ty  as w e l l  as pressure.  A t  high e lec t ron  dens i t i e s  

recorded pressures  apparently decay l i n e a r l y  with t i m e  -- t he  higher the 

e l ec t ron  dens i ty ,  t h e  g rea t e r  t he  apparent decay rate. 

the  r e l a t i v e  decay rate is  approximately 10% per  50ys . 
A t  N e  = 5 ~ 1 0 ~ ~ / c c  

The mechanism by 

which the  e l ec t ron  densi ty  inf luences the  metal-encapsulated c r y s t a l  is not 

clear. The apparent pressure decay is d e f i n i t e l y  instrumental  i n  or ig in :  

f o r  shocks i n  pure argon o r  kyrpton, where e l ec t ron  dens i t i e s  exceed 

2x10 /cc , t h e  observed pressures  appear t o  decrease rapidly,and soon go s t rongly 17 

negative.  

decay with t i m e .  

e l ec t ron  d e n s i t i e s  are very low (say N e  << 2x10 e m  ) , do not exh ib i t  this 

For the  usua l  shocks ne i the r  temperatures nor e l ec t ron  d e n s i t i e s  

Moreover, shocks i n  pure neon, or i n  any test gas where 

16 -3 

apparent fa l l -of f  of pressure with t i m e .  On t h e  contrary, . .observation of 

more than 50 shocks i n  pure neon covering a range of 3 i n  shock pressure,  

showed t h a t  f o r  t h e  dura t ion  of t he  f i r s t  r e f l ec t ed  shock, pressures e i t h e r  

remained constant o r  else showed a ( r e l a t ive )  increase of a few percent per 

5011s . 
To circumvent in te r fe rence  from the  t ransducer 's  s e n s i t i v i t y  t o  

plasma e l ec t ron  d e n s i t i e s  w e  rout ine ly  measure pressures  a t  the i n s t a n t  of 

arrival of t he  f i r s t  r e f l ec t ed  shock before the re  is t i m e  f o r  t h e  apparent 
,. 

pressure decay t o  set in .  

out t he  durat ion of t h e  f i r s t  r e f l ec t ed  shock i n  order  t o  average-out in te r fe rence  

I n  p rac t i ce ,  t h i s  means w e  measure pressure through- 

from r inging and then ex t rapola te  t h e  b e s t - f i t  smooth pressure record (of 



negative slope in time) backwards in time to the arrival of the first 

reflected shock. Depending on plasma electron densities, this procedure 

imposes a + 5% to + 15% correction onto the pressures actually read at 
the spectroscopic sampling times 

reflected shock. 

2011s to 4 0 ~ s  after arrival of the first 

It is recalled that these pressure measurements generally agree 

to better than 10% (cf. Fig.20 ) 

shock speeds, 

this agreement very nearly amounts to an agreement between two "direct" 

pressure measurements by independent means, since 

dynamic variable for which investigators consistently report good 

with the pressures deduced from the local 

S1 , and the real-gas Rankine Hugoniot relations. We feel 

p(S1) is the one thermo- 

agreement between Rankine Hugoniot predictions and "directly" measured data. 

E. Redundant Measurement of 
Electron Density 

Plasma electron densities were routinely deduced two independent 

ways: by applying Griem's Stark broadening theory for Balmer lines to our 

observed H halfwidths, and by applying the Saha-Boltzmann equations to our 

measured pressure and temperature. We denote these two estimates of electron 

density as Neh and Ne(p,T) , respectively. 

B 

c\r 

Were it not for the impurities boiled off the walls, our plasmas 

would be closed thermodynamic systems and would be over-determined by the 

three state variables p,? and Neh . If we assume that only the impurity 
concentrations of aluminum are not effectively known (cf. Section F), then 

these three thermodynamic variables are just sufficient to determine the 

state of our plasmas. 

and Ne(p,T) 

.. 
That is, systematic discrepancies between Ne& of HB) 

4 
c\r should allow us to deduce the unknown aluminum concentration. 
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Figure 44 compares Ne and Ne(p,?) for 56 #irst reflected h 

and multiply reflected shocks. 

generally less precise because it is more difficult to measure the half- 

widths of the broad H profiles in these plas , and also, because multiply 
reflected shocks are not as homogeneous as the first reflected shocks. 

depicted Ne(p,T) 

Data for multiply reflected shocks are 

B 
The 

% 
values were computed on the assumption of zero concen- 

trations of aluminum. 

deduced by methods diecussed in Section P, were included in calculating 

The approximate hydrogen and carbon impurity levels 

Approximately 85% of the Ne(p,?) and Ne data are within 15% h 
of mutual agreement. 

Ne(p,T) and a single Nea determination are -. + 8% and t12%, respectively. 

Our a priori estimates of random error in a single 
'L 

There is a 3% systematic discrepancy between Nea and Ne(p,?), 

i.e. , 

= 1.03 

avg . 
with 

0 - = .02 . m 

This discrepancy, of only marginal statistical significance,,is in the 

direction (NeA > Ne(p ,?) ) expected if aluminum impurity concentrations are 
greater than zero. However, this small discrepancy mighf easily be accounted 

(which are 56 .. 
. 53 for by the uncertainty in Griem's broadening parameters for 

not claimed to be reliable to better than 3%) or, by a systematic temperature 

error of 1%. 
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F. Methods f o r  Deducing Concentrations 

of Plasma Impuri t ies  

Two kinds of impurity were always present  on the shock tube 

the  f i n e l y  powdered debr i s  deposited by opening diaphragms, and w a l l s :  

hydrocarbons deposited by t h e  backstreaming of our pumps. 

W e  used the  following techniques t o  assess the  amount of hydrogen 

t h a t  b o i l s  of f  t he  w a l l s  during our typ ica l  shock tube runs. 

made i n  Research Grade pure neon, o r  mixtures of neon and argon. 

Shocks were 

The 

absolute  i n t e n s i t y  of e i t h e r  HB o r  Ha w a s  measured along w i t h  the plasma 

pressure,  T and T . From these da t a  and the  known Awalue of 
Ah neon 

H (or  Ha ) w e  deduced t i e  hydrogen number dens i t i e s .  This w a s  done f o r  

a va r i e ty  of plasma condi t ions,  temperatures varying between 10,500°R and 

B 

6 12,500'K and pressures  varying over 7 - 20x10 

the  hydrogen number d e n s i t i e s  deduced f o r  f i r s t - r e f l ec t ed  shocks remained 

dyne cmm2. For a l l  these runs 

constant t o  wi th in  a f a c t o r  of 2: t he  mean hydrogen impurity concentration 

corresponded t o  3% of t h e  hydrogen present  i n  a typ ica l  shock using %% CH4 + 
% CS2 + 99% neon test gases. A few shocks w e r e  a l s o  made using 2% O2 + 
98% neon test gases t o  obta in  hydrogen impurity levels by relative i n t e n s i t y  

measurements aga ins t  01 l i n e s  of known A-values. These runs confirmed 

t h e  hydrogen impurity concentrations deduced i n  the earlier runs. 

included the  mean hydrogen impurity concentration i n  a l l  our thermodynamic 

ca lcu la t ions .  

94 

We rout inely 

We could not  d i r e c t l y  assess the  impurity concentrations of carbon 

because t h e  v i s i b l e  C I  l i n e s  are too weak. The f a c t  t h a t  no C I  l i n e s  

were de tec tab le  i n  shocks using neon and' argon mixtures does enable us t o  say  

t h a t  carbon impurity concentrations do not  exceed 5% of the carbon concent. 

t r a t i o n s  found i n  the  usual  d a t a  runs employing %% CH4 + %% CS2 3. 99% neon 



1 7 2  

test gases. 

a heavy hydrocarbon i s  less than 0.5, w e  deduce that the usua l  carbon 

impurity concentration amounts t o  less than 3% of the carbon normally 

present  i n  a d a t a  run using 

By reasoning t h a t  t h e  relative carbon t o  hydrogen content of 

'4 CH4 + %% CS2 + 99% neon test gases. 

A s  an opera t iona l  check on our estimate of carbon impurity concen- 

t r a t i o n s ,  w e  p l o t t e d  (c f .  Chapter VII) t h e  measured A-value of C I  A5052 

as a func t ion  of carbon a d d i t i v e  gas (1% CH o r  %% CH4 + CS2) i n i t i a l  

par t ia l  pressure  and found no co r re l a t ion .  

4 

Impurity concentrations of s u l f u r ,  phosphorus and s i l i c o n  were 

assumed t o  be  zero, s ince  a l l  of these  elements have s t rong  v i s i b l e  ion  

l i n e s  which could not be de tec ted  i n  hot  (T > 12,000'K) shocks i n  pure neon. 

Although a damp c l o t h  smeared across  t h e  shock tube w a l l s  would 

inva r i ab ly  p ick  up aluminum d u s t ,  w e  estimate t h a t  t y p i c a l  aluminum impurity 

concentrations i n  f i r s t  r e f l e c t e d  shocks were less than 0.01% molal. The 

two ARI resonance l i n e s ,  A3961.5 and A3944.0 , w e r e  observed i n  emission 

o r  absorption a t  d i f f e r e n t  t i m e s  during a t y p i c a l  shock tube run. 

t h e i r  behavior during a t y p i c a l  shock tube run ind ica ted  t h a t  much of t h e  

observed i n t e n s i t y  of these  l i n e s  o r ig ina t ed  i n  t h e  t h i n  boundary l a y e r  s o  

they could not  be  used t o  assess aluminum concentrations i n  t h e  bulk of t h e  

plasma. Therefore, t o  estimate t h e  s t a t e d  upper l i m i t  of aluminum impurity 

concentrations w e  r e l i e d  on t h e  s t rong  A R I I  l i n e ,  A5593 . Knowing our 

de t ec t ion  threshold ,  t he  plasma temperature, and t h e  A-value f o r  t h i s  l i n e  

(c f .  Chapter V I I )  t h e  f a c t  t h a t  i t  w a s  never de tec ted  i n  ho t  shocks 

(T >'12,000°K) i n  neon o r  neon p lus  argon test gases,  allowed us t o  deduce 

an  upper l i m i t  f o r  t h e  aluminum impur i ty  level. 

However, 

Moreover, aluminum impurity concentrations exceeding 0.01% molal, 
'L 

would be expected t o  cause [NeA/Ne(p,T)Iavg. t o  exceed 1.03 ( r e c a l l  

conclusion of Sec t ion  E ,  above). 
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G. Observations Supporting 

the Assumption of LTE 

Our da t a  are reduced t o  A-values under the  assumption that shock 

tube plasmas are i n  a state of 

of our shocks e a s i l y  m e e t  t he  theo re t i ca l  cri teria 

t o  be c o l l i s i o n  dominated (LTE). W e  now list some experimental evidence t o  

show t h a t  our l i g h t  source is behaving i n  conformity w i t h  t h e  assumption of 

LTE. 

LTE. The temperatures and e lec t ron  d e n s i t i e s  

7 , 9 Y 29 9 95-98for plasmas 

A few wec a f t e r  a r r i v a l  of t h e  f i r s t  r e f l ec t ed  shock, a l l  s p e c t r a l  

l i n e  i n t e n s i t i e s  w i l l  r e l a x  t o  values t h a t  e i t h e r  remain constant f o r  the 

50 - 1001-1s 

increase  slowly, as qausi-constant rates, during t h i s  period . Both of 

durat ion of t he  first r e f l ec t ed  shock region, o r  they w i l l  a l l  

t 

these types of t i m e  dependence support t he  assumption of LTE Shocks 

t h a t  produce t i m e  independent i n t e n s i t y  f o r  one l i n e  do so f o r  a l l  l i n e s  

regardless  of e x c i t a t i o n  energy o r  s t age  of ion iza t ion .  

long-term equ i l ib ra t ion  t o  deep-lying atomic l eve l s .  

l i n e s  t h a t  vary slowly with t i m e ,  i t  is observed t h a t  t h e  i n t e n s i t i e s  of 

var ious l i n e s  increase  at r e l a t i v e  rates corresponding t o  the temperature 

Hence, there is  no 

When shocks produce 

der iva t ives  of the  re levant  Saha-Boltzmann equations,  

a l i n e a r  r e l a t ionsh ip  between temperature and t i m e  the Saha-Boltzmann 

equations co r rec t ly  p red ic t  t he  r e l a t i v e  rates of change i n  exci ted state 

populations between l i n e s  varying by a f a c t o r  of 5 i n  

That is, by assuming 

a 1  
at . 

Figure 43 a l s o  tests the  assumption of LTE . I n  p a r t i c u l a r ,  . 

T does not depend so c r i t i c a l l y  on LTE as does Tneon . G r i e m ' g  theory 

f o r  S ta rk  broadening of B a l m e r  l i n e s  depends on the  t r a n s l a t i o n a l  temperatures 
A% 56 

'Both types of behavior can be observed, 
under i d e n t i c a l  conditions-so we a sc r ibe  
t e n s i t y  shocks and slaw-varying i n t e n s i t y  
of shock formation. 

successively,  i n  shocks generated. 
t he  d i f fe rence  between constant in- 
shocks t o  the non-reproducible d e t a i l s  
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of e l ec t rons  and ions  and t h e  reduct ion  of N e A  t o  T A  depends on Saha 

equilibrium r a t h e r  than Saha-Boltzmann equilibrium. So the agreement be- 

tween Tneon , derived from t h e  population of the 18.9 eV neon l i n e  A5852 , 
and T 

of LTE . 
over a 2,000'K range of temperature s t rongly  supports the assumption 

A s  a f i n a l  argument i n  behalf of LTE w e  r e f e r  t o  Fig. 5 . 
Our r e s u l t s  f o r  the A-value of 

on e l e c t r o n  dens i ty  over t h e  range 3 - 7x10 
C I  A5052 show no systematic dependence on 

16 cmm3 , so w e  conclude the plasmas 

are c o l l i s i o n  dominated throughout t h i s  range. 

H. Sample Data From a Typical Shock Tube Run 

The CRT traces i n  Fig. 45 are t y p i c a l  of t h e  r a w  pho toe lec t r i c  da t a  

obtained with 1% CH4 + 99% neon test gases. Approximately 30 sec  a f t e r  a r r i v a l  

of t h e  r e f l e c t e d  shock f r o n t  t h e  plasma temperature i s  11,400'K and pressure i s  

9.6xPO dyne cm-2. 6 

I n  add i t ion  t o  t h e  d a t a  shown i n  Fig. 45; t h e  pressure  transducer out- 

pu t ,  t h e  C I  A5052 l i n e  and background channels, t h e  N e 1  A5852 l i n e  and back- 

ground channels, t h e  Ha l i n e  and background channels, and 3 of t h e  12 SQUID t 

channels monitoring H 

t h e  s i g n a l s  from 3 t o  9 o the r  SQUID channels on t h e  wings of H 

resolved spectrogram covering llOOd ( s i m i l a r  t o  Figs.  53 and 59) and t h e  readout 

, w e  rou t ine ly  obta in  t h e  following d a t a  (not shown): B 
, a t i m e  B 

of 1 o r  2 chronographs timing t h e  shock speed. 

The t i m e  dependence of t h e  depicted d a t a  i s  approximately average 

f o r  shocks i n t o  test gases wi th  i n i t i a l  p ressures  10-12 Torr: f o r  i n i t i a l  

p ressures  g r e a t e r  than 20 Torr, s p e c t r a l  i n t e n s i t i e s  are e s s e n t i a l l y  t i m e  in- 

dependent throughout t h e  f i r s t  r e f l e c t e d  shock. 

. .  

'We monitor t h e  background of Ha because t h e  l o w  o p t i c a l  depths allow us t o  
check f l a s h  lamp r e p e a t a b i l i t y .  
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Pressure channels, 

gain: 0 .05  V/cm. 

sweep speed: 20 w / c m  . 
CRT t r a c e  includes 
pressure of inc ident  
and f i r s t  r e f l ec t ed  
shacks. 

T i m e  +- 

Caroon l i n e  (50521) channe 

(inverted) 

gain: 0.01 V/cm.  

1. 

Carbon background (5079) 
Channel, ( inverted) 

gain: 0.005 Vlcm.  

sweep speeds: 20 I.rs/cm . 

Neon background ( 5 8 6 7 i )  
Channel (inverted) 

gain: 0.02 V/cm.  

Neon l i n e  ( 5 8 5 2 i )  channel, 

gain: 0.20  V/cm. 

( inverted) 

sweep speeds: 20 ps/cm. 

Fig. 45:  Typical Data From One Shock Tube Fi r ing .  
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CHAPTER VI1 

RESULTS 

A. Introduction 

The scope of the current transition probability measurements 

is summarized in Table 11. The relative amount of effort devoted to 

the different elements is reflected in the number of runs made, the wave- 

lengths covered, the range of conditions produced in the shock tube, the 

variety of test gases used, and in the number of methods (e.g. AE, ARH, 

etc.) employed. The motives behind this division of effort were already 

mentioned in Chapter I. As for its consequences: there is a general 

correlation between the accuracy of results for each element and how ex- 

haustively it was measured. In Table I11 the transitions studied are 
4 " * .  . - -  

are claeeified BB to whether they are 

t labisis S.IStarkwoidt;he and shifts  are also 

studied. 

Resdte are pre&nked aa tsJement Bt a time. &%le all results 
I 

were obtained on the same apparatus, shared the same experimental methods 

(described in Chapter VI), and adhered to the thermally insensitive 

approaches described in Chapter 111, each element posed a unique set of 

problems. Therefore, details of the measurements vary from elementto element. 

In assessing the possibilities for repeatable error in our re- 

sults for each element we rely upon the agreement obtained between redundant 

measurements of thermodynamic state and photometric variables, and on the 

consistency of results gathered over widely varying source conditions-- 

rather than upon comparisons with previous experimental or theoretical 

e .  

work. 
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Table 3.1. SCOPE OF RESULTS FOR A-VALUES 

Line measured 
absolutely (8) 
(No. determinations) 

5052.1 (44) 
t 

Temper- 
Methods used Additive ature Pressure ran e 
(No. of runs) eases ranne(OK) (lo6 dvne/cm$) 

AE (54) 1% CHI+ 9,500-13,000 5-20 
ARH (44) 
ARB (35) 

Photographic scan (8) 
(No. of runs A ) 

4600-5700 (54) 
4000-5100 (12) 
5700-6800 ( 4) 

CI 

01 

Ne1 

Af.11 

si1 

si11 

PI 

PI1 

SI 

SI1 

CiI 

4600-5700 ( 2) 
5200-6300 ( 3) 

4750-5900 (12) 
5200-6300 ( 7) 

Ah5436.1 ( 3) 
A 

5852.5 (19) 

2.0% 02 11,000-12,000 9-25 

5-15 

9-20 

13-40 

Relative to 
OIh6157 

Relative to Pure neon 12,000-13,000 
.2% CHI+ 
.14% PHa 
* 11% (CH3)3 Ai 

. U T  (CH3)3Ai 12,000-12,800 

.21% SiHk 8,600-10,000 
1.0% SiHCL3 

4800-5900 ( 3) 5593.2 ( 3) 

5948.5 (10) 4850-5950 ( 9) 
5300-6400 ( 2) 
4570-5700 ( 1) 

4850-5950 ( 9) 
5300-6400 ( 2) 
4570-5700 ( 1) 

4800-5900 ( 3) 
4600-5700 ( 1) 
5300-6400 ( 2) 

4800-5900 ( 3) 
4600-5700 ( 1) 
5300-6400 ( 2) 

4600-5700 (26) 
4000-5100 ( 3) 
5700-6800 ( 3) 

5056.0 
5056.3) "O) 

.21% SiHk 8,600-10,000 
1.0% SiHCf.3 

13-40 5 
a 

5477.7 ( 5) .14% PH3 9,500-13,000 9-40 

9-40 

8-20 

5253.5 ( 5) .14% PH3 8,500-13,000 

AX4695 (30) 
i. 

[ .5% CHL,~] 9,500-12,500 
.5% cs2 

9,500-12,500 

1.0% SiHCL3 10,000 

8-20 4600-5700 (26) 
4000-5100 ( 3) 
5700-6800 ( 3) 

5453.6 (18) 

4601.0 ( 1) 10 4570-5700 ( 1) 

'For relative (intra-atomic) & - values, each "run" really presented at least two independent shock regimes since 
results were obtained from mu3.tiply. as well as first, reflected shock flows. 

+For CI and SI only TIB results are counted as independent determinations. 
*Supplementary method used to check for self-consistency: precision not comparable with other method(s) used. 



Table 111. 

0 '  

C I  4064.2*§ 
4064.2' § 
4065.1' § 
4231.3 
4268.9 
4352.1' 
4371.3 
4762.45 
4762.4 1 
4766.6 § 
4771.7 5 
4775 e 8 1 
4812.8* J 
4817.3'5 
4826.7 '5 
4932.0t 
5039.0 5 
5039.0 5 

5044.0 
5049.6 
5052.1t 
5380.2t 
5793.5 5 
5801.15 
5805.75 

5041.6 § 

6 87.8 

4772.9* 5 
* 

4ii3.8'1 
4801.8' 0 
4802.2*8 
4803.0' 5 
4967.45 
4967.96 
4968.8 5 
5018.8 5 
5019.31 
5020,1§ 
5329.0 O f  
5329.6 §t 
5330.7 §f 
5435.2 §* 
5435.8 5 t 
5436.8 Pt 
6046.3 5 t 
6046.5 §t 

4708.9 5 
4710.0 8 
4712,11 
4715 e 3 5 

5144.9 5 
5145.0 § 

4953.0 
5037- 8 
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TRANSITION PROBABILITIES STUDIED, 

5330 .a s t  
5 341.1 1 t 
5 343.30 t 
5400.6 
5562.8 
5656.7 
5764. 4.t 
5820.2t 
5852.5 
5881.9 

6163.6 
6217.3 
6266.5 

5944.8 
6143.1 

4792.21 
4792.38 
5006.0t 
5493.2 
5517.5 

5645 e 7 t 
5622.2 

5665.6t 
5684.5t 
5690.5 t 
5701.1t 
5 7 0 8 ~  
5747.6 
5753.6 
5754.35 
5763.0 
5772.2 
5780.4 
5993.1 
5797.9 
5859.2' 
5873.7 
5948.5 t 
6125.01 
613.61 
613.81 
6142.41 
6145.05 
6155.0O 

6244.5 1 
6254.2 § 

6237.31 

5056.0 P 
5056.3 O 
5957.6 
5978.9+ 

4411.3 
4694.1 I+ 
4695.5 S t  
4696. ?.St 
5278.1 O t  

5498.2*s 

5696 6*1 

5706.6'1 

5278.7 § t 
5279.0O.t 

5501.1'1 
5507.0*§ 

5700.2 *I 

ARRANGED BY WAVELEXOGTH 

6347.1 
6 1 3  

5061.9 
& 

5079.3 
5098.2 § 
5100.9 § 

5149.4 O 
5154.81 
5162.21 

5109.6 

5345 8 

5477.7 
5514.7 5 t  

5546.9 

4658.3 
4927.0 
4943.4t 
4954.3 
4969.6 

5191.h 

5458.3 

5517.01t 

5152 2 

5253.5 t 
5296.1 
5 316.1 t 
536.1 
5344.7 
5378.1 
5386.9t 
5409 7 .f 
5425 e 9 + 
5450.7 

5499.74. 
5507.1 

5483.6 

5583.3 
5588.2 

5541.2 

6041,9*1 

6052.7"s 
6743.6 0.) 
6748.8rt 

6046.0 * 5 

4028.8 
4142 0 3 

4153. 1 

4193.5' 

4294.5 
4431.0' 
446% 5 
4483.4 

4524 b 6.0 
4524.91 
4648. I* 
4656 0 7 
4668, 5' 
4716.2 
4779 1' 
4792 0 

4145.1 

4174.0 

4278. 

4486.6 

4815.5 t 
4917.1 
4924.0 O 

4942 e 4 
4925.31 

4991.9 
5009. 5 t 
5014 . 0 t 

5032.h 

5142.3 

5027.lt 

5103.3.E 

5201.0 8 
5201.3 1 
52u.6t 
5320.7.P 
5345.6t 
5428.6t 
5432.7t 
5453.6t 
5466.5' 
5473.6t 
55%'*6+ 
5518.7* 
5526.2 
5536.7 
5556.0 
5639.9 1 
5640.31 
5645.6 4 

5646.98 
5564.9t 

5606.1t 
5616.6 
5645.6* 
5659.9 t 

5578.8 

566'+,7 

nr=€%k 

---- ~~ 

Upper l i m i t  estimate 'obeervsd aa a blended l i n e  

tStarlc width atad sh i f t  also measured 'Stark width also measured 
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There have been relatively few previous experimental studies 

of the lines we measure, so we utilize all comparison data that is available. 

We quote the tolerances assigned to their results by the authors them- 

selves: in most cases these are probable error (PE) estimates, although 

a few authors give only the uncertainty due to scatter (random error). 

When the same transition has been studied by two or more workers, differences 

between results typically exceed claimed tolerances. Moreover, disagree- 

ments between two experiments is generally of the same order as their 

mutual disagreement with Coulomb approximations. For example, this 

level of disagreement is approximately a factor of 

lines of CI and SI . 
1.8 for the visible 

The strongest lines in the spectra of CI , Si1 , Ne1 , PI and 

SI are in the UV or near IR , while the A-values we measure seldom 

exceed 1x10 sec . ILence, the radial matrix elements in the Coulomb 

approximations for these lines are very small and inherently knreliable 

We could not meaningfully test our relative A-values for 

6 -1 

14-16 

agreement with the 

SI1 , 
complete array, or else prediceed radial matrix elements of different 

multiplets in the array differed by large factors, so that uncertainty in 

radial wave functions is large enough to obscurd the behavior of angular 

wave functions which the sum rule is intended to test. 

J - file sum rules "-'02. With the exception of 

our results did not encompass the majority of transitions for a 

We did compare our results for 4s - 4p transitions in SI1 

J - file sum rule and found qjsagreements far greater than with the 
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could be accounted for by experimental errors: 

array is subject to strong configuration interaction. 

apparently this 

B. Estimation of Experimental Errors 

Tolerances stated in the tables are 80% confidence estimates of 

total error. They represent the RMS combination of uncertainty due to 

scatter (random error) with the uncertainty compounded from upper limit 

estimates of possible systematic errors. 

For each atom (ion) studied, the one line designated as being 

This is because such measured absolutely" has the smallest tolerance. I 1  

lines are the strongest isolated ones studied, are the lines most care- 

fully checked for self-consistency, and are usually measured the maximum 

number of times for that atom. 

runs from +lo% for CI A5052 to 5 35% for Si1 A5948. Scatter is 

Fesponsible for only a small fraction of these total tolerances regardless 

The range of tolerance for these lines 

of whether results are based on 44 independent determinations as for 

CI A5052 , or only on 5 determinations, as for PI X5477. 

Since all other transitions of an. element (in the same 

ionization stage) were measured relative to one of these "absolutely 

measured" lines,, they generally warrant larger tolerances (15% - 45%) 
because of such factors as low signal-to-noise ratios, difficulties in 

the interpretation of diffuse or partially merged lines, and uncertainty 

in relative film sensitivity between wid.ely spaced wavelengths. In a 
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few cases we lacked a sufficient number of determinations to make a 

good statistical statement. 

The compendium of error sources given below includes only 

the more important errors discussed in the dissertation. 

Possible Sources of Systematic Error: 

Improper performance or interpretation of absolute 
and relative photometric calibrations against the 
carbon arc. 

Uncertainty in the Stark broadening parameters for 
Gcl , affecting the in situ method of absolute.intensity 
calibration. 

Uncertainty attached to the wing corrections and 
curves of growth for slit-integrated lines. 

Failure to make (a small) correction to effective 
path length in recognition of finite boundary layer 
thickness. 

Incorrect interpretation of photographic profiles 
with respect to assignment of baselines or the influence 
of weak interfering lines. 

Uncertainty in the transition probability of Ne1 A5852 , 
used as an internal standard. 

The uncertainty in the theoretical Stark width of HB , 
which influences our calculation of plasma electron 
densities. 

Astigmatism 
from linear gain for large CRT deflections. 

in recording of CRT traces and departures 

Pressure calibration errors or departures from linear 
gain of transducers. 

Error in the molal concentration of spectroscopic 
additive (e.g. SiH , PH3) in neon carrier mixes 
stored for long perfods. 

Uncertainty regarding the (small) amount of readily 
ionized wall-impurities (e.g. Al , Ca , Cd ) entering 
the plasma. . .  

Uncertainty in the approximate estimates for the (small) 
concentrations of H, C, S, Si, AR, 0 ,  and P injected into 
plasmas from wall impurities. 
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Error from any of these possible sources cannot exceed known 

limits without causing statistically 

our sets of redundant measu 

errors to be present at the 

effect on the typical A-value determination can be lumped into repeatable 

(relative) uncertainties of: 

"abs. E 2 8% 

'Irel. 
'Ptotal E 2 6% 

AT E 2 1% 

E A 2% per 10031 

bpp-, E 2 5% for C , S, CR and 0 
+ 20% for Si and P 
+ 35% for AR 

UL 

additive - - 
The uncertainty in a result, 

to be: 

AsA , due to systematic errors, is taken 

where AXj = AIabs, AIrel,--- A of additive. 
PP 

Sources of Random Error (Scatter): 

Photographic noise from grain, local fog leyels, and 
emulsion inhomogeneities. 

Noise-in-signal aff ng photomultiplier outputs. 

Error involved in reading CRO traces. 

Localized , transient inhomogeneities in the source plasma 
caused by weak (non-reproducible) diagonal shocks. 

e due to 
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Random error from these sources will be superimposed on what- 

ever systematic (repeatable) errors are present. The (relative) effect 

of random errors on a typical single experimental run may be lumped as 

follows : 

AT rJ = f 1% 

= + 8% 'Ptotal - 

A ImI(A)dh = f 10% for strong lines, e.g. .Si11 A5056 , 
-OD 

= - + 20% for lines of moderate strength, 

e.g., CI A5052 , 
= - + 40% for the weaker lines measured, 

e.g. SI AX5790 . 

The apriori estimated random error 

is : 

A A r in a single A-value determination 

r 

where AXi = A!? , Ap total , A I" I(X) dX . 
-m 

These apriori estimates of random error generally tally quite 

well with the actual scatter in results. That is: 

A A 1.28 u(A) r 
.. 

where a(A) is the RMS .deviation (variance) in the distribution of 

results, and the factor 1.28 makes the r.h.8. of the equation the 80% 

confidence limit for a hypothetical Gaussian distribution. 
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Whenever n , the number of determinations,is greater than six, 
we also plot the distribution of results, as in Figs. 8 4 6 ,  and 50, 

to see if the limited sample 

value % 5 A'A within which 

random errors, ArA , to the Iv 

does resemble a Gaussian, and to take the 

80% of the data falls. The contribution of 

result is then taken to be the larger of 

The stated tolerances are the expressions: 

C. Monitor on Overall Accuracy: 
Measured HB Transition Probability 

A direct check on experimental error consists in measuring a 

transition probability whose value is already well known. 

such measurement in the visible include HB and several 01 and NI 

lines. 

Candidates for 

Due to the combination of low A-values and high excitation energies 

the desired NI lines could not be excited to useful brightness using 

N2 as a spectroscopic additive. Multiplet (10) of 01 was obtained 

with good brightness, but only a few runs were made using test gases 

including oxygen. Even if many data were available for this blended 01 

multiplet, it would still be preferable to measure the A-value of 

because the thermal dependence of 01 multiplet (10) is identical to 

HB ' 
13 104 

HB ; however, the HB transition probability is known to 2 1% while that 

of 01 Ah6157 has estimated reliability of only 210%. By process of 

elimination, the0,we were led to "measu~e" the A-value of 

of Chapter VI, Seetion C-7 not+rithstanding. 

He ? the comments 

'Excitation and ionization energies coincide to better than 0.1 eV. 
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NUMBER OF OBSERVED CASES 

- 5  c 
5 
ID a 

D 

\ 

D 
-I a c m 

,I- - - 
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The measurement was performed by the conventional emission 

(AE) method, during the same runs used to determine CI , SI and 

SI1 A-values. The 1% 

agreement of AE with the known A-value, 8.42~10 see-', is to some 

extent fortuitous: from the spread in this Gaussian distribution we 

would have taken the 80% confidence limit to be ?-: 3.1%. 

A histogram of results is given in Fig.46 . 
6 

Moreover, system- 

atic errors amounting to If: 10% can enter this determination. 

D. Transition Probabilities for CI 

1. Introduction. The visible lines of CI are inherently 

weak in spectra from laboratory sources. Their faintness stems from a 

combination of small A-values (typically ; lo6 sec-l) with excitation 

energies (10-11 ev) that fall close to the CI ionization limit. A 

Grotrian diagram for visible CI lines studied is given in Fig.48 . 
A densitometer tracing,lFig 48 shows the typical grain noise in the integrated 

intensities of the three strongest visible CI lines; h5052, A5380, 

hA4770, when using a 1% CH4 additive. 

at temperatures and pressures selected to optimize CI line brightness, 

Even when operating our shock tube 

we seldom obtained peak optical depths €or the strongest 

(A = 5052i) exceeding .03 at T = 11,600'K. With slit integrated in- 

tensities of CI A5052 

CI line 

only a few times brighter than the carbon arc 

crater, signal-to-noise ratios allowed precisions of typically 15% - 25% 
for photographic recording and 10% - 20% for photoelectric recording. 
Since a large scatter can effectively mask systematic errors, the faintness 

of the line proved a major obstacle in the study of 

as already stated, we are striving for our greatest accuracy. 

CI k5052 where, 

Forty- 
.. 

four data runs were made, not only for the sake of reliable statistics for 
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A-value results, but also to obtain a desired level of significance in the 

comparisons between redundant thermodynamic and photometric variables. 

Figure 48 is a Grotrian diapm of the. CI lines we measured. 

No CII lines were detected. Even in the multiply reflected 
6 regions of our strongest shocks (T 

using 1% CH test gases, the CII multiplet AX4267 was indistinguishable 

from local emulsion grain. Calculations based on the Coulomb approxi- 

mation show that despite a multiplet g A-value of 14~2.46~10 sec , 
signal levels are expected to fall below our detection threshold because 

13,000°K, p ; 8x10 dyne cm-2) 

4 

8 -1 

of the high (22.86 ev) excitation energies involved. 

2. Selection, Execution and Reduction of Data Runs.. Of the 

44 data runs for the study of CI , 17 used test gases of 1% CH in 

neon and 27 used test gases of .5% CH4 + .5% CS2 
selected for a spectroscopic additive because it contains only carbon 

(subject for study) and hydrogen (for plasma diagnosis), is stable (will 

not break down or polymerize) under our normal operating conditions and is 

4 
in neon. Methane was 

a gas at STP. 

carbons (pentane, ethane, etc.) because it has less of a tendency-to 

Methane was considered preferable to other light hydro- 

deposit carbon on shock tube walls and windows after each run. 

bisulfide enabled us to study CI , SI , and SI1 simultaneously, since 

Carbon 

there is no significant interference between lines of these species. 

Initial test gas pressures of 20 Torr, 14 Torr and, 9 Torr were 

selected to give (at driving pressures of 1100 & 100 psi) plasma temperatures 

grouping about 10,80O0K, 11,300"K and 12,100'K. 

achieved temperatures, seen in Fig. 43 reflect the non-reproducibility 

of the shock tube. 

The distribution of 
I .  

This figure also shows that most data runs were made 
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in the vicinity of 11,300°K to acquire good statistics for one set of 

plasma conditions. 

Selection of A5052 as the CI line to be absolutely measured 

(all other CI lines are measured relative to it) was based on the 

following considerations : A5052 is the strongestt isolated line in the 

visible spectrum of 

to insure good relative photographic intensities for calculation of 

The corellation between line brightness and resulting A-value precis-ion 

for weak lines can be appreciated with the aid of Fig.49 

hatched-in area, representing the range of photographically recorded 

peak 

CI , and it also lies close enough to HB(A = 4861) 

ARHc 

: if the 

CI A5052 intensities, is shifted to transmissions 17% - 20% higher, 
as it would be for the next brightest isolated CI line, X5380, pre- 

cisions would typically be lowered by a factor of 1.5-2. In refering to 

CI A5052 as "isolated," we implicitly neglect interference from the blended 

multiplet CI AA5041 . Because it is relatively weak, the wings of this 
multiplet cause no significant l o s s  of accuracy in the assignment of base- 

lines for CI A5052 so long as entrance slit widths are less than 3 i  , 
as they are for both 

current data runs. 

photographic and photoelectric recording in the 

In reducing data for A5052, we follow the methods discussed 
tt in Chapters VI and 111, here briefly recapitulated in a footnote . 

tWhile the merged CI multiplet 
than A5052, its photoelectric measurement requires (integrating) entrance 
slits more than 15s wide. However, such wide entrance slits would greatly. 
reduce precisions in T, and Tneon obtained from 
electric channels which are on the same spectrograph. 
Source temperature is taken to be the unweighted average of however many tt 

of T,, TB, Tneon and 
is that read from the quartz transducer, except for the few cases when CRO 
recording problems made it unavailable: then, shock speed-predicted pressures 
p(S1) were used, relying for justification upon the good previous agreement 
between 

4770 is both stronger and closer to HB 

H, and Ne1 A5852 photo- 

* .  

TA% are available for a particular run. Source pressure 

p(S1) and p from the transducer shown in Fig. 20 . Impurity 
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From amongst the four independent measurements of A for 
mn 

CI h5052: AEcy ARNEC, ARBc and A M C  , it is possible to construct 
several thermally insensitive averaged results. For instance, in 

Chapter 111 we showed the small implicit thermal dependence of the 

foliowing combinations : 

- Ac - 

Ac - 

Ac - 

- 

- 

Not all of these combinations are used in arriving at our final result. 

aRNc 
This is because photoelectrically measured integrated line intensities 

for 

was used (only occasionally) for self-consistency comparisons. 

Ne A5852 had a large scatterttt (directly attributable to low 

signal-to noise ratios), and also because it is not desirable to use 

T t  (cont.) 

intensities of Ha and Hg , during runs in pure neon, neon plus a few per- 
cent orgon, and neon plus a few percent oxygen, where source temperatures 
were approximately known. 

intensity were employed as  follows: the slit-integrated photoelectric value 
(Rc of Fig. 42 
value (@ 
also for computing the A-values ARNc and ARBc measured relative to Ne1 A5852 
and Ha, respectively. 
ratio of A5052 to HB photographic relative intensities was used. 

ttt 

since source temperature is a very weak function of neon line intensity. 

levels of hydrogen and carbon (from wall contaminants) were deduced from 

The two redundant measurements of the CI A5052 integrated absolute 

) was averaged with the photographic - SQUID calibrated 
of Fig. 44 ) for computation of the emission A-value (AEc), and 

ARHc, the . To compute the A-value relative to HB, 

This scatter does not invalidate use'of the line to obtain Tneon 
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the Ne1 A5852 A-value for a 510% internal standard when H 

provides a & 1% internal standard and comparable or better thermal 
B 

balancing with our plasma temperatures. 

The reason for not employing ARBc in calculating final 

results is more subtle: ARBc and AEc are not sufficiently independent, 

either in thermal dependence or method of observation, to warrant in- 

clusion of both ARBc and AEc in the reduction of final results. 

That is, both AEc and ARBc are linearly dependent on the same 

(%Rc + %RE) integrated intensity of CI X5052. Since the uncertainty 

in a TIB 

to the error in %(Rc + RZ) , either AE or ARBc can be used with 

equivdlent accuracy. We chose AEc rather than ARBc because it is 

available for a larger percentage of the data runs, and adopt 

result arising from temperature errors of +I% is small compared 

C 

A (TIB) Z %(AEC + ARHc) for our TIB result. Distributions of AEC , 
C 

ARHc and A (TIB) values from 44 data runs are given in Fig. 8 .. The 
distribution formed by combining the AEc and ARHc distributions, with- 

out recognizing any shot-by-shot relationship between these two independent 

results, is included to bring out by comparison against the A (TIB)C 

distributions how thermal insensitivity is responsible for a tighter 

C 

C grouping. The shape of the A (TIBk distribution, the displacement of AE 

with respect to ARHc , and the selection of the adopted 1.74~10 see , which 

is not the arithmetic mean of our A(TIB)C results, were discussed in Chapter 111. 

6 -1 

To obtain other CI transition probabilities relative to 

CI A5052 , we use relative photographic intensities and equation 
Data were collected from both first refxected and multiply reflected 

shock regions in an effort to obtain the most reliable statistics for the 

relative intensity ratios, which have standard deviations as high as 2, 40% 
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for the weaker lines measured. 

reflected flows causes no problem here, since most visible CI lines 

come from upper levels within .5 ev of CI X5052. 

Lack of spatial homogeniety in multiple 

The distributions of results for A5380, A4932 and XX4770, 

relative to X5052, are given in Fig.50 . The RMS deviations, 0 , 

in these distributions are not excessive in light of the photographic 

noise problem just discussed. However, c r / &  , with n the number of 

determinations, is not a particulary useful index of the uncertainty in 

the averages of these distributions since they hardly resemble Gaussians. 

For A5380 and A4932 there is no apparent tendency for the distributions 

to peak at a central value, while the distribution for 

but is not symmetrical. 

not normal -- but these weak, grainy profiles afford ample opportunity 

for systematic, as well as random, reading errors. 

Ah4770 does peak 

We do not understand why these distributions are 

3. Results. Measured CI transition probabilities are -listed 

in Table N as the Einstein coefficient for spontaneous emission, 

in 10 inverse seconds. We also list loglogf where g is the de- 

generacy (25 + l) of the lower level of _f. the absorption oscillator 

strength. Unless otherwise stated, terms, J-values and "multiplet numbers" 

are of from Mrs. (Moore) Sitterley'~05well-known astrophysical compilation. 

Wavelengths are in kgstroms. 

*mn 9 

6 

The A-value of CI AX5041 has a 35% tolerance 

because its faintness and diffuse shape make it difficult to distinguish 

from the continuum. Ambiguity in the result is agravated by the predicted 

presence of a recombination peak underlying this merged multiplet. 

Individual lines of multipler'(6) could not be resolved for data 

runs using .5% CH4 + .5% CS2 test gases. 

to give good brightness to these lines also lead to strong ionization of 

The high source temperatures needed 
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Table IV. TRANSITION PROBABILITIES FOR CI' 

Amn Transition Multiplet (n, lower)(m, upper) J n -J m A(;) 10'sec-l 

4 

5 

6 

7 

11 

12 

13 

14 

15 

16 

17 

18 

22 

3s 3P - 4p 3D 

3s 3P0 - 4 p  3s 

3s 3P0 - 4p 3p 

3s 3P0 - 5p 3D 

3s lPO - 4 p  1P 

3s lPO - 4p 1s 
3s 1P0 - 5p 1P 

3s lP0 - 4p ID 

3s 'Po - 5p 3D 
3s 'Po - 5p lD 
3s lPO - 5p 1s 

2p3 3D0 - 4p 3P 

3p 'P 4d lp0 

2-3 
1-2 
0-1 
2-2 
1-1 

2-1 
1-1 
0-1 

2-2 
1-1 
2 -1 
1-0 
1-2 
0-1 

2-31 
1-21 
0-11 

1-1 

1-2 

1-0 

1-1 

1-21 

1-2 

1-0 

3-2 
2-1 
1-0 
1-1 

5041.6 
5039.0 

5049.6 
5044.0 

4826.7 .21 
4817.3 -13 
4812.8 < .lo 

4766.6 

4770.0 
4762.4 
4762.4 J 

4064.2 < .04 
4065.1 

4064.2 1 
5380.2 1.72 

5052.1 1.74 

4932.0 3.51 

4371.3 .59 

4352.1 < .17 

4268.9 .23 

4231.3 .60 

5793.5 
5801.1 
5805.7 
6587.8 1.3 

} .35 

l0g1ogf 

-1.917 

-2.657 
-2.866 
<-2.982 

-1.370 

<-2.828 

-1.650 

-1.478 

-1.893 

-2.295 

-2.617 

-2.503 

-2.792 

-1.799 

-1.608 

Tolerance Remarks 

- + 25% (1) 

20% (3) 

15% 

10% ( 4 )  

15% 

30% (5) 

(2) --- 
25% 

35% (5) 

35% (5) 

40% (5) 

'Listed multiplets are effectively complete. .. 
Remarks: 
weakness and from their diffuse appearance, which might mask blending with a predicted 
CI recombination feature. (2) When lines are detectable, but have marginal signal-to- 
noise ratios, the grainy profiles are interpreted to contain the maximum conceivable 
energy. For a small percentage of the data, members of this multiplet could be 
partially resolved: 
described the relative line strengths with the multiplet. 
measured absolutely: 
large tolerance attaches to these results both because the lines are weak and because 
relatively few films were exposed at these wavelengths. 

(1) The large tolerance assigned these merged lines stems both from their 

(3) 
to within the error limits of these observations LS coupling 

(4) This transition was 
all other CI transitions were measured relative to it. (5) A 
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sulfur, so Stark broadening blends the multiplet. 

in 1% CH 4 
and still yielded good brightness in these lines. 

individual lines, or pairs of lines, could be resolved. 

for the stronger lines in the multiplet, and 2 25% for the weaker ones, 

the relative intensities were in agreement with LS coupling predictions. 

However, a few runs 

test gases gave electron densities not greater than 3 ~ 1 O ~ ~ / e c  

Under these conditions 

To within 2 10% 

4. Check for svstematic error: invariance of results with 

changing experimental parameters. Measured A-value should not reflect 

changes in experimental conditions. We now check our CI A5052 results 

to see if they show any significant dependence upon source temperature 

pressure p , electron density Ne , or initial partial pressure of carbon 

additive. 

and for long term variations in the apparatus. 

T , 

We also check for possible demixing of pre-mixed test gases 

Figure 51 shows D vs. T , D vs. p and D vs. Ne , where D 

CI A5052 A-value normalized against our adopted result, is a measured 

1.74~10~ sec-l. We cannot discern any significant systematic variation of 

D over the given ranges of T , p , or Ne . The statement - aD 2, 0 aNe - 
is by no means trivial, since it indicates the following: 

(1) There is no systematic error in the wing correction 

of CI A5052. 

(ii) There is no systematic error from readily ionized 

wall containments, since their relative influence 

on Saha equilibrium would diminish with increasing Ne . 
.. 

(iii) The source plasma is behaving consistently with the 

assumption of L.T.E. -- that is, since free electrons 
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e s t a b l i s h  L.T.E. , a system not i n  L.T.E. 

a t  low e l ec t ron  d e n s i t i e s  should g ive  d i f f e r e n t  

r e s u l t s  from those  co l l ec t ed  a t  t h r e e  t i m e s  g r e a t e r  

e l e c t r o n  d e n s i t i e s  where a thermodynamic desc r ip t ion  

is more va l id .  

I n  Fig.52 d i f f e r e n t  p l o t t i n g  po in t s  are used t o  d i s t i n g u i s h  

between .5% CH4 + .5% CS2 From t h e  invariance of 

D under changes i n  p a r t i a l  p ressure  (and species) of carbon add i t ive ,  w e  

i n f e r  t h a t  our test gas compositions have n e i t h e r  been enriched by carbon- 

car ry ing  w a l l  contaminants ( i n  excess of estimated impurity l e v e l s )  nor 

have been depleted of carbon a d d i t i v e  by adsorption o r  r eac t ions  p r i o r  t o  

shock-heating. 

test gas from a pre-mixed ba tch  t o  check f o r  poss ib l e  demixing during 

metering operations.  That is, i f  s i g n i f i c a n t  demixing occurs a t  t h e  meter- 

ing  valve, o r  i n  t h e  de l ive ry  l i n e s  then t h a t  por t ion  of a batch remaining 

i n  t h e  s to rage  cy l inder  w i l l  be enriched (or  depleted) i n  i t s  spectroscopic 

a d d i t i v e  concentration by each succeeding run, so t h a t  runs made when t h e  

premixed ba tch  is  f r e s h  w i l l  g ive  lower (or higher) A-values than later 

runs using t h e  same premixed batch. The p l o t  of D versus t h e  long term 

and 1% CH4 test gases. 

D is  p l o t t e d  aga ins t  t h e  order of drawing a charge of 

ordering of runs may be regarded as a check upon t h e  s t a b i l i t y  of cal-lbrated 

de tec to r s .  

ceding runs -- but  i n  view of expected scatter t h i s  t rend  is of only marginal 

The f i n a l  10  runs do appear t o  group about 5% lower than pre- 

s ta t is t ical  s igni f icance .  Its cause can be chance, some (unknown) change 

i n  t h e  apparatus,  or a poorly prepared test gas, s i n c e  a l l  t e n  runs used 

t h e  s a m e  batch of pre-mixed 1% CH4 i n  neon. 

f o r  r e j e c t i n g  them: 

There is  no clear j u s t i f i c a t i o n  

but had they been r e j ec t ed ,  adopted A-value would h e  
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s h i f t e d  by no more than 1% o r  2%,since t h e  n e t  e f f e c t  of t h e i r  r e j e c t i o n  

would be t o  e l imina te  t h e  "tailf1 on t h e  l e f t  s i d e  of t h e  

d i s t r i b u t i o n  shown i n  Fig. 8 . From t h e  p l o t  of D aga ins t  run 

number i t  i s  a l s o  noted t h a t  almost one ha l f  t h e  f i n a l  81 runs were not 

used t o  f i n d  A(TIBlC  . 
out  carbon a d d i t i v e s ,  f o r  ins tance  t o  f ind  carbon impurity levels, o r  t o  

produce high level continua f o r  i n  s i t u  comparisons of t h e  i n t e n s i t y  

c a l i b r a t i o n s  f o r  d i f f e r e n t  pho toe lec t r i c  channels. Other runs w e r e  I 

rendered use l e s s  by acc idents  i n  t h e  developing of f i lms ,  poor synchronization 

between o s c i l l i s c o p e  sweeps and a v a i l a b l e  test t i m e s ,  and, i n  a few cases, 

AC(TIB) ' 

Some of t hese  runs were made i n  test  gases with- 

because carbon l i n e s  w e r e  no t  b r igh t  enough t o  measure. 

5. Comparison between present C I  r e s u l t s  and t h e  l i t e r a t u r e .  

Table v compares t h e  present  C I  r e s u l t s  with those of f i v e  previous 

inves t iga t ions ,  ( l i s t e d  i n  chronological o rde r ) ,  t h e  pred ic t ions  of t h e  

Coulomb approximation, and t h e  values adopted i n  t h e  NBS ~ o m p i l a t i o n ! ~  The 103 

c i t e d  experiments employed t h e  conventional emission (AE) method, with the  

exception of Doherty's work which used "trans-species" relative measure- 29 

Thermal sources used are i d e n t i f i e d  i n  the  t ab le .  
106 

6 .  
ment ( A M )  aga ins t  H 

Most values given i n  t h e  NBS compilation represent  t h e  r e s u l t s  of Richter 

normalized by a f a c t o r  of 1.30 t o  conform wi th  Coulomb approximations: 
10 7 

m u l t i p l e t s  (5) and (16) w e r e  taken from Fos ter ,  with a normalization f a c t o r  

of 1.40 applied t o  agree with Coulomb approximations; mu l t ip l e t  (14) is a 

Coulomb approximation. The Coulomb. approximations i n  t h e  last column were 

ca lcu la ted  f o r  us by Oertel using computer coded hydrogenic wave functions.  

When r a d i a l  matrix elements are i n  t h e  v i c i n i t y  of a zero (cance l la t ion)  

t hese  p red ic t ions  are o f t en  s i g n i f i c a n t l y  d i f f e r e n t  from those in t e rpo la t ed  

103 

I .  

'As w a s  discussed i n  Chapter 111, those  por t ions  of 
t o  t h e  l e f t  of peak values only weakly a f f e c t  s e l e c t i o n  of t h e  adopted A-value. 

A(TIB)c d i s t r i b u t i o n s  
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15 
i n  t h e  B & D (1949) t ab l e s .  

For a comparison based on the  s t ronges t  l i n e s :  XX4770, 

X5380.2, X5052.1, and X4932.0, t h e  cur ren t  r e s u l t s  are found t o  average 

21% higher  than  Richters '  r e s u l t s ,  7% less than t h e  NBS estimates, 34% 

l a r g e r  than t h e  earlier of Fos t e r ' s  i nves t iga t ions ,  4% l a r g e r  than t h e  

average of a i l  previous experiments and 15% less than Oertel's Coulomb 
13 109 

It has been suggested t h a t  Maecker's r e s u l t s  were s t rongly  approximation. 
29 

influenced by demixing. Doherty's r e s u l t s  f o r  carbon average a f a c t o r  of 

two larper than o the r  l i terature va lues ,  bu t  h i s  r e s u l t s  f o r  neon average 

a f a c t o r  of two smaller. Since both elements w e r e  measured r e l a t i v e  t o  H 

both d iscrepancies  would r e s u l t  

i nc iden t  shockrtspeeds, were 10% too high. 

B '  
t i f  h i s  source temperatures, deduced from 

While e l abora t e  precautions were taken t o  in su re  a r e l i a b l e  

absolu te  A-value f o r  C I  A5052, our r e s u l t s  f o r  o ther  C I  l i n e s  

r e l a t i v e  t o  A5052 are based on q u i t e  conventional relative i n t e n s i t y  

measurements. A l l  bu t  t he  weakest C I  l i n e s  w e  measure o r i g i n a t e  i n  

upper levels between 9.9 and 10.2 e V  , so relative A-values depend 

e s s e n t i a l l y  upon relative i n t e n s i t i e s .  

c o r r e l a t e  t h e  r e l i a b i l i t y  of an au thor ' s  relative A-values with t h e  

r e l i a b i l i t y  of h i s  absolu te  scale. Comparison of t h e  r e l a t i v e  A-values 

of t h e  d i f f e r e n t  i n v e s t i g a t o r s  does not  o f f e r  clear s ta t i s t ica l  grounds 

(c f .  Table V) f o r  favoring certain results o r  r e j e c t i n g  o thers .  

There i s  no obvious reason t o  

For t h e  sake of argument we suppose all authors measured relative 

A-values with equivalent accuracy 

s u l t s  t o  b e . t h e  most r e l i a b l e  set ava i lab le .  

and.regard t h e  average of t h e i r  re- 

N o A l i z e d  t o  the  cur ren t  

*Figure 5 can be  used t o  v e r i f y  t h i s  a s se r t ion .  
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r e s u l t  f o r  

column of Table V . Current r e s u l t s  agree wi th  t h i s  set about as 

w e l l  as they do with NBS estimates: i n  both cases agreement is wi th in  

C I  X5052, t h i s  set of A-values appears i n  the  f i f t h  

I ~ .- 

our s t a t e d  to le rances  except f o r  X4932. 

E. S I  And S I 1  Trans i t i on  P r o b a b i l i t i e s  

1. Introduction; The spectrum of S I  has few v i s i b l e  l i n e s ,  
I - I\ .-._ 

with those s t rong  enough f o r  u s ' t o  measure with reasonable p rec i s ion  (say, 

those with Am > 105sec-') confined t o  t h e  t h r e e  mul t ip l e t s  Xh4695, 
" .. 

Xh5278, and XA6752, a l l  of which are blended i n  our spec t ra .  The appearance 

of AX4695 and AX5278 i n  Fig. 53 i s  t y p i c a l  of f i r s t  r e f l e c t e d  shocks us- 

ing  

Fig. 54 . 
.5% CH4 + .5% CS2 add i t ives .  The Gratian diagram f o r  t hese  l i n e s  i s  

I n  con t r a s t ,  S I 1  ha r i c h  v i s i b l e  spectrum. Because A-values 

are of order  10 sec,  many S I 1  l i n e s ,  including several intercombination 

l i n e s ,  appear wi th  good br ightness  when source temperatures exceed 11,000'K. 

8 -1 

Fig.53 shows t h e  t y p i c a l  S I 1  spectrum from a multiply r e f l e c t e d  shock 

i n  neon containing .5% CS2 + .5% CH4 . 
blended. 

Less than 10% of t h e  l i n e s  are 

2. Design, executioa,  and reduction of d a t a  runs. Twenty-seven 

of t h e  thirty-one shocks used t o  study s u l f u r  employed .5% CH4 + 5% CS2 

test gases,  permitt ing s imul ta  s study of C I  , SI  , and S I 1  . A s i n g l e  

drum camera recording covering t h e  range 46901 - 5700fi. contains near ly  a l l  

s t ronges t  v i s i b l e  l i n e s  of t hese  ' t h r e e -  spec t ra .  Four add i t iona l  runs used 

.25% CH4 + 75% CS2 

i n  Table I1 . Measurement of-thermodynamic va r i ab le s  w a s  discussed i n  

t h e  s e c t i o n  on C I  . 

test gases, The-ptessure-temperature regime i s  given . .  

. _  , -  > 

. "  ~ 
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F i g .  54: Grotrian Diagram For  S I  L i n e s  Currently S t u d i e d .  
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A zero impurity concentration of s u l f u r  (from w a l l  contaminants) 

w a s  assumed because no 

a t  13,000°K. 

S I 1  l i n e s  w e r e  detected i n  pure neon plasmas 

The blended m u l t i p l e t  AX4695 w a s  s e l ec t ed  t o  be  t h e  absolu te ly  

measured "line" f o r  S I  because i t s  proximity t o  HB and i t s  g r e a t e r  

br ightness  o f f e r  b e t t e r  chances f o r  an accura te  A-value determination than 

do o the r  S I  f ea tu re s  between 4600; and 6700i . Unlike C I  A5052, 

whose absdlu te  in t eg ra t ed  i n t e n s i t y  w a s  measured two independent ways 

(Re and RE) , ,AX4695 relies e n t i r e l y  on- Ri , 
i n t e n s i t y  i n  a r b i t r a r y  u n i t s  sca led  t o  absolu te  i n t e n s i t y  by f i t t i n g  t o  

t h a t  is ,  t h e  photographic 

several absolu te ly  c a l i b r a t e d  pho toe lec t r i c  (SQUID) channels. Since the  

SQUID scans t h e  red ha l f  of H B  , any systematic e r r o r s  i n  relative photo- 

graphic i n t e n s i t y  as a func t ion  of wavelength ca r ry  over d i r e c t l y  i n t o  t h e  

absolu te  in t eg ra t ed  l i n e  i n t e n s i t i e s  measured anywhere but a t  4850 - 49001. 

For t h i s  reason proximity t o  

p robab i l i t y  is  measured r e l a t i v e  t o  

measured i n  absolu te  emission (an AE - value) .  

HB 
i s  important, both when a t r a n s i t i o n  

HB (an ARB - value) and when i t  i s  

(AE + A R H ~ )  i s  less A(TIB)s = T. S I n  Chapter I11 we showed t h a t  

s e n s i t i v e  t o  thermal e r r o r  i n  t h e  region 9,500'K < T < 11,600'K than 

e i t h e r  AEs o r  ARHs alone, while f o r  T > 11,600'K AES has the  

least thermal s e n s i t i v i t y .  

temperatures around 11,600'K (c f .  Fig. 43 ) where n e i t h e r  

Because many of t h e  d a t a  runs w e r e  made a t  

AES nor 

1 - (AEs + ARHs) 2 

t h e  t r a n s i t i o n  p r o b a b i l i t y  €or  

a f fo rds  t h e  des i r ed  degree of freedom from thermal e r r o r s ,  

S I  Ah4695 w a s  taken t o  be: 

A(TIB)$ i(2AEs l. + ARHs + ARCs) 
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Fig. 55: Results f o r t h e  Absolute A-Value of the Blended S I  Multiplet, 

AX4695 . 
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where ARCs is t h e  S I  Ah4695 t r a n s i t i o n  p robab i l i t y  measured r e l a t i v e  

t o  t h e  

1 . 7 4 ~ 1 0 ~  eec-' f o r  C I  15052. Although ARCs thus i n h e r i t s  t h e  5 10% 

to le rance  of t h e  new i n t e r n a l  standard,  

pensated f o r  by t h e  thermal i n s e n s i t i v i t y  of 

Fig.14 . L e s t  i t  be  suggested t h a t  t h e  A-values of S I  Ah4695 and 

C I  A5052 

we recall t h a t  17 d a t a  runs used 1% CH 

and t h a t  Fig. 52 showed D f o r  t hese  runs agree t o  wi th in  5% wi th  t h e  8 
f o r  27 runs using .5% CH4 + .5% CS2 

C I  A5052 . t r a n s i t i o n  p robab i l i t y .  W e  use our adopted value,  

C I  h5052, w e  f e e l  t h i s  is  com- 

1 -(ARCs + AES) , shown i n  2 

are not  independent because they are measured simultaneously, 

add i t ives  (no s u l f u r  p re sen t ) ,  4 
% 

add i t ive .  

AES , ARHs , ARCs and A(TIB)S values f o r  31 rims are displayed 

i n  F ig .55  . Here, as with C I  h5052, t h e  T I B  combination of independent 

A-value determinations gives a t i g h t e r  d i s t r i b u t i o n  than do any of component 

determinations (AEs , etc.) by themselves. 

d i s t r i b u t i o n  cannot be s o  e a s i l y  i d e n t i f i e d  here  as f o r  

F ig .8  ), so  we a s s ign  t o  t h e  adopted va lue  of .58x10 sec a - + 15% 

to le rance  r a t h e r  than  t h e  5 10% assigned t o  C I  h5052. There appears t o  

The peak of t h e  AS(T'IB) 

AC(TIB) (c f .  

6 -1 

be  no s i g n i f i c a n t  systematic d i f f e rence  between t h e  averages of t h e  AES 9 

ARHs , ARCs r e s u l t s .  

The absolu te ly  measured S I 1  t r a n s i t i o n  i s  15453.8. This 

b r i g h t e s t  of i s o l a t e d  

than ha l f  of t h e  f i r s t  r e f l e c t e d  shocks, and d id  not become o p t i c a l l y  

S I 1  l i n e s  w a s  s t rong  enough t o  measure i n  mor2 

t h i c k  i n  multiply r e f l e c t e d  shock regions. 

A-values of 44 o the r  l i n e s  w e r e  measured almost exc lus ive ly  i n  

mul t ip ly  r e f l e c t e d  shocks because t h e  e x t r a  500'K t o  1000°K i n  these  

regions enchanced l i n e  intensit ies by 

t o  f i r s t  r e f l e c t e d  shock regions,  where they were usua l ly  too f a i n t  t o  

measure w e l l .  

The relative ( to  h5453) 

S I1  

f a c t o r s  of 3 - - 4 with respec t  
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ie. MEASURED 
RELATIVE TO ARNsn) NEONIJ5852 

0 E I 

ie. MEASURED 

Fig.  56: Result& for  the Absolute A-Value of SI1 A5453 . 
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In Chapter I11 we suggested two ways to measure the 
I 

SI1 A5453 absolute A-value: 

ARNsII = A-value of SI1 A5453 measured 

relative to Ne1 A5852 , 

ARHsII = A-value of SI1 A5453 measured 

Hf3 relative to 

Relative errors propagated into these results as a function of 

temperature error is given in Fig. 57 . Both methods should have equivalent 
a a accuracy: - llog ARNsI is less than E llog ARHSI , but the A-values 

of H and Ne A5852 are good to 2 1 %  and Ifi lo%, respectively. Results 
aT 

f3 

from 16 determinations of ARNsII and 13 determinations of ARHsII are 

shown in Fig.56 . Since we see no reason to favor either of these trans- 

species relative measurements, we adopt the average of all determinations, 

1.06~10~ sec -1 , as giving the most reliable result. 
3. Results. Current results for 8 blended SI multiplets and 

45 isolated visual lines of SI1 are presented in Tables VI and VIII, 

respectively. 

4. Checks for internal consistency. The mutual agreement (cf. 

AES , ARHs , Fig. 55 ) between the three sets of results for 

ARCs 
independent experiments. 

SI AA4695, 

can be regarded as a mutual agreement between results of three 

Although they rely on simultaneously observed 

data, each of these three results has its own distinct thermal dependence 

and derives from a different combination of photometric variables. 
9 .  

In 

particular, AEs depends upon absolute concentrations and absolute intensities 
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Table VI TRANSITION PROBABILITIES 

FOR MERGED+ SI MULTIPLETS 

Multiplet 

2 

4 

5 

.. 
8 

10 

11 

12 

Transition 
In. lower) (m, upper) 

4 5s0 - 5 5P 

4 3 s 0  - 5 3P 

4s 3 s 0  - 4p 3P 

4 5P - 5 =Do 

4 3S0 - 6 3P 

4 5P - 6 5D0 
4 5P - 7 =Do 

4 5P - 8 'Do 

A** 

4695 

5278 

4411 

4154 

6752 

6049 

5701 

5503 

Amn* 

dsec-l 

.5a 

.33 

<.04 

. ia 
6.0 

<.la 

<.07 

<.04 

loglOgf 

-1.541 

-1.906 

<-2.9a 

-2.378 

. oioa 
<-1.56 

<-2 07 

<-2.34 

Tolerance Remarks 

- + 15% (1) 

20% 

--- 
45% 

35% 

--- 
--e 

--- 

16 'Range of electron densities; 5 < Ne < 12 x 1 0  /cc . 
** 
Approximate wavelength of peak intensity. 

* 
For merged multiplets: Amn = 1 gJ AJ/(2L + 1)(2S + 1) . 

J 
"Multiplet given by Frerichs (1933). 

Remarks: (1) This multiplet measured absolutely; other SI multiplets measured 
relative to it. (2) Several lines of SI1 are superimposed on this multiplet, 
their interference being approximately compensated for. (3) This is a strong, 
well-defined feature, the accuracy of the A-value being degraded (to If: 35%) 
because only two observations were made. 
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TRANSITION PROBABILITIES FOR SI1 

Amn Transition 
Multiplet (n, lower)(m, upper) A& 108secT1 .- 10 gf Tolerance Remarks 

I* 3s 3p4 2P - 4p so 14-4 5027.1 .30 - .643 f. 20% 
4-4 5142.3 -25 - .703 25% 

2 

24-34 4 4 6* 4s P - 4p Do 
14-24 
4-14 
24-24 
14-14 
4-1; 
24-14 
14-4 

24-24 
14-14 
4-4 
24-14 
14-4 
14-24 
4-4 

4 4 7* 4s P - 4p PO 

5453.6 
5432.7 
5428.6 
5564.9 
5509.6 
5473.6 
5645.6 
5556.0 

5032.4 
4991.9 
4942.4 
5103.3 
5009.5 

1.06 + ,578 
.84 + .348 
.50 - .054 
.23 - .193 
.57 + .016 

1.11 - .001 
.28 - .587 
.69 + .196 
.29 - .363 
.22 - .793 
.44 -'.163 
-73 - .260 

.17 - .48a 

.29 + .023 1 4924.0 
4925.3 

15% (1) 
15% 
15% 
20% 
15% 
15% 
30% 
35% 

20% 
20% 
25% 
20% 
20% 
20% 

a 4s 4 P - 4p 2 DP 24-24 4779.1 <.06 <- .909 --- 
9* 

lo* 

24-14 4815.5 .78 + ,035 20% 
20% 
35% 

4 4 4s P - 4p so 
14-14 4716.2 .26 - .460 

.16 - .682 4-14 4656.7 

4s 4 P - 4p 2 PO 4-14 4193.5 <.11 <- .936 --- 
11 4 4 3d F - 4p Do *3% 

344% 
2%-14 
14-4 
34-34 
24-24 
14-14 
14-24 
24-34? 

116-14 
%-I4 
14-24 

2 14 4s P - 4p 2D0 

5606.1 
5640.3 
5659.9 
5664.7 
5526.2 
5578.8 
5616.8 
5536.7 
5466.5 

5819.2 
5646.9 
5639.9 

.38 + .156 
,39 + ,047 
.45 - .063 
.52 - .301 
.ll - .395 
.10 - .553 
.ll - .682 
.09 - .605 
.02 -1.145 

.11 - .651 
.57 + .037 
.68 + .289 

20% 
30Z 
20% 
20% 
25% 
20% 
35% 
30% --- 
40% 
40% 
40% 

l%-l% 5014.0 -72 + .036 20% 
2 2 15 4s P - 4p PO 

25% 4-4 4917i.1 -42 - .516 
. (Table Cuntinued) 

* 
Measurement secured for all members of multiplet. 

Remarks: (1) this transition measured absolutely: other SI1 transitions are measured. 
relative to it. 
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Table VIII. (continued) 

H u l t i p l e t  

32 

36 

3a* 

39 

40 

43 

44 

45 

46 

49 

61 

64 

T r a n s i t i o n  

2 
(n, lower)(m, upper) 

3d P - 4 6  2Do 

3d 2D - 4p1%0 

4s '  2B - 4p' 'F0 

4s '  2D - 4p' 2Do 

4s '  % - 4p' 2Fo 

4 4 4p Do - 5 s  P 

4 4p 4D' - 4d F 

4 4p 4D0 - 4d D 

4 

4 4 

4p 4P" - 5s P 

4p Po - 4d D 

2 2 

4p' 2Fo = 4d' 2F 

4p PO - 5s P 

Jn-Jm a 
14-% 4431.0 

24-24 4668.5 
14-14 4648.1 

24-34 5320.7 
14-24 5345.6 

24-21; 5212.6 
14-14 5201.0 
24-14 5201.3 

24-14 4524.9 f 
14-14 4524.6 

34-24 4463.5 

1 

a3f-14 4483.4 
14-4 4486.6 

a-342 4159.1 - 
&-I4 4142.3 

14-24 414f . l  

14-14 3963.1 
34-34 4028.8 

24-24 4792.0 

24-34 4294.5 
4-4 4270.5 

4-4 5510.7 

24-34 4174.0 

Amn 

10'sec-l l o g l ~ g f  

<.lo <- .75 

<.20 <- .41 
<.30 <- .41 

1.05 + .552 
1.12 + .459 

.96 + .370 

.76 + .091 

1.04 + . lo6 

.74 +' .123 

.42 - ,296 

.90 - .265 

LQ7 + .410 

.70 + .035 
a 65 - ,173 

1.05 - .006 
.31 - ,220 

1.08 + .34a 

.31 - .164 

.67 - ,435 

<2.6 <+ .376 

2.9 .7a3 

- + 15% 
15% 

20% 

. 20z 

30% 

45% 
45% 
45% 

40% 
40% 
40% 

40% 
40% 

30% 

40% 
40% 

(4) --- 
40% 

* 
Measurement secured f o r  a l l  members of m u l t i p l e t .  

Remarks: 
measurable t o  b e t t e r  than 250 to le rance .  

(4) Upper l i m i t  estimates are given f o r  l i n e s  which are de tec tab le  b u t  not  
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whi le  ARHs and ARCs depend on relative concentrations and relative 

i n t e n s i t i e s .  

The two sets of independent r e s u l t s  f o r  SI1 A5453, AmsII 

and ARHsII , a l s o  agree t o  wi th in  mutual to le rances  ( c f .  Fig.56 ). 

While both of these  r e s u l t s  are deduced from relative i n t e n s i t y  measure- 

ments and r e l y  on relative concent ra t ions ,  they have q u i t e  d i f f e r e n t  

dependence on source temperature ( c f .  Fig.57 ). 

,Results from t h e  4 runs employing .25% CH4 + .75% CS2 + 99,% neon 

test gases agreed t o  wi th in  j o i n t  to le rance  with t h e  r e s u l t s  from t h e  31 

runs employing'.5% CH4 + .5% CS2 + 99% neon test gases. 

Because CS2 is  an organic so lvent ,  w e  were concerned t h a t  i t  

might be adsorbed onto t h e  t h i n  f i l m  of hydrocarbon res idue  on the  shock 

tube w a l l s  p r i o r  t o  f i r i n g .  Even though p a r t i a l  pressures  of CS2 ad- 

miteed t o  t h e  tube were much less than CS2 vapor pressures  a t  ambient 

temperature, w e  decided t o  check our r e s u l t s  f o r  evidence of CS2 adsorption. 

I n  Fig.58 t h e  independent v a r i a b l e  is t h e  r a t i o  of a c t u a l  

i n i t i a l  p a r t i a l  p re s su re  of CS2 t o  t h e  i n i t i a l  p a r t i a l  p ressure  of CS2 

based on t h e  assumption of no adsorption of 

t h e  shock tube: i .e. ,  i f  4 of t h e  CS2 is a c t u a l l y  adsorbed, t h e  value 

of t h i s  r a t i o  i s  0.5. For test gases composed of .5% CH4 + .5% CS2 

(assumed) + 99% neon, two p a i r s  of r e s u l t s  would change i n  oppos i te  

d i r e c t i o n s  i f  adsorption occured: t h e  r a t i o  of t h e  two S I  AX4695 A-values, 

ARCs/ARHs 

dens i ty  deduced from t h e  

CS2 subsequent t o  f i l l i n g  

would increase  wi th  adsorption while t h e  r a t i o  of e l e c t r o n  

Hg 
halfwidth t o  t h e  e l e c t r o n  dens i ty  deduced 

from Saha equilibrium and measured pressure  and temperature, 

N e ( A  %of H8) /Ne(p ,?) , would decrease. 
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FOR TYPICAL FIRST REFLECTED SHOCK CONDITIONS: 

T=lI,20OoK; p=9.0x106dyne cm’2; TEST GAS:z%CS I + -%CH4+99%NEON i 
-2 2 

COMPARE WITH RESULTS 
FROM 21 SHOTS: 

.. 
INITIAL PARTIAL PRESSURE OF CS2 /PARTIAL PRESSURE OF CS2 

(Assuming no adsorption) 
Fig. 58: Discrepancies that Would Result From Unrecognized Loss 

(Adsorption) of CS2 . 
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Using r e s u l t s  from 21 runs where all four  of these  r e s u l t s  

were ava i l ab le ,  w e  f i nd :  

F i t t i n g  these  averaged r e s u l t s  t o  Fig. 58 , w e  ob ta in  i n  both cases 

t h a t  no t  more than 5% CS2 could have been l o s t  through adsorption. 

5. Comparison of cu r ren t  S I  and S I 1  r e s u l t s  wi th  

l i t e r a t u r e  values. Current r e s u l t s  f o r  S I  are compared i n  Table V I 1  

with var ious  p red ic t ions  from t h e  hydrogenic model and with r e s u l t s  from 

two previous i n v e s t i g a t i o n s ,  25 , 26 

With t h e  exception of AA4154, t h e r e  i s  a b e t t e r  than 10% mutual 

agreement i n  relative A-values between a l l  t h r e e  experiments. I f  'Fos te r ' s  

va lue  f o r  

s t r eng th  t o  AX4695 , whereas w e  observe i t  t o  be  scarce ly  1/5 as strong. 

AX4154 were c o r r e c t ,  t h i s  m u l t i p l e t  would appear comparable i n  

The o r i g i n  of t h i s  discrepancy is  obscure: several S I 1  l i n e s  are super- 

imposed on AA4154 , bu t  they are too weak t o  s u b s t a n t i a l l y  change i ts  

A-value even i f  a l l  t h e i r  i n t e n s i t i e s  were a t t r i b u t e d  t o  t h e  underlying 

S I  mul t ip l e t .  

I n  abso lu t e  va lue ,  our r e s u l t s  average a f a c t o r  of .6 less than 

Bridges',  thus s l i g h t l y  exceeding mutually claimed to le rances .  W e  are 

wi th in  3% of agreement with Foster f o r  AX4695 . A s u b s t a n t i a l  f r a c t i o n  

of Bridges' 30% to le rance  is  intended t o  cover uncer ta in ty  i n  the  ex ten t  
.. 

SO2 is  demixed i n  h i s  wal l - s tab i l ized  arc. Had he assumed no demixing, 
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h i s  

present  study. 

SI r e s u l t s  would agree t o  wi th in  5% with those of Foster  and the  

Foster  r e l i e d  on t h e  turbulence i n  h i s  vortex-stabi l ized 

arc t o  prevent demixing of 

uncertainty i n t o  h i s  absolute  i n t e n s i t y  measurements. 

SO2 CR2 -- but  arc column wobble introduced 

To guard aga ins t  

t l a r g e  systematic  e r r o r s  h e  the re fo re  measured four  01 l i n e s  as a rough 

cont ro l  on h i s  r e s u l t s :  these  01 t r a n s i t i o n  p r o b a b i l i t i e s  average 

13  
about 15% high with respect  t o  values  adopted by Wiese et  al .  

AB Bridges poin ts  o u t ,  t h e  Coulomb approximation is not expected 

t o  be p a r t i c u l a r l y  r e l i a b l e  f o r  t h e  S I  configurat ions involved. For 

AX4695 and Ah5279 the  Coulomb approximation is, i n  f a c t ,  p a r t i c u l a r l y  

un re l i ab le  because t h e  r a d i a l  matrix elements near ly  cancel. This places  

c r i t i ca l  dependence on d e t a i l s  of t h e  assumed r a d i a l  wave functions.  

Cancellation is much less pronounced f o r  S I  AX6752 : f o r  t h i s  mul t ip le t  

t he  cur ren t  r e s u l t  f a l l s  16% below t h e  Coulomb predict ion,  7 . 6 ~ 1 0 ~  sec-l , 

while  Bridges' r e s u l t  i s  a f ac to r  of 40% too la rge .  

Current r e s u l t s  f o r  S I 1  absolute  t r a n s i t i o n  p r o b a b i l i t i e s  are 

compared with Coulomb approximations, 

previous experimental study (Bridges and Wiese) i n  Table IX 

t he  NBS adopted values and the  s o l e  
25 . 

For 15 out  of t h e  16 l i n e s  common t o  both experiments t he re  is  

agreement t o  w e l l  wi th in  j o i n t  tolerances.  

measured l i n e  i n  both s tud ie s ,  t h e  absolute  A-values agree t o  6%, while 

For h5453, t h e  most accurately 

12 out  of 16 determinatPons agree t o  20% o r  b e t t e r .  

Both sets of r e s u l t s  average a f a c t o r  of 1.3 higher than 

Coulomb predict ions.  Bridges poin ts  out  on t h e  one hand t h a t  these SIX 

* .  
tFos te r ' s  source temperatures were deduced from t h e  absolute  i n t e n s i t i e s  of 
several C R I  l i n e s .  For t h e  A-values of these  l i n e s  he used t h e  s t r a i g h t  
mean of h i s  own previous r e s u l t s  w i t h  those of Hey. 
agree t o  wi th in  a few per cent  of those obtained recent ly  by Bengtson'l 
i n  h i s  extensive study of t h e  halogens. 

These average A-values 
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Table Ix. COMPARISON OF M!USURED S I1 TRANSITION 
PROBABILITIES WITH LITERATURE VALUES. 

Multi- 
p l e t  I A ~ ,  1O8eec-l 

Bridges et. Coulomb 
(19671, Ref .[25] approx. 

( 1) 5027.1 
5142.5 

( 6) 5453.61 
5432.7 
5428.6 
5564.9 
5509.6 
5473.6 
5645.6 
5556.0 

( 7) 5032.4 
4991.9 
4942.4 
5103.3 
5009.5 
4924.0 
4925.3 

( 8) 4779.1 

( 9) 4815.5 
4716.2 
4656.7 

(10) 4193.5 

(11) 5606.1 
5659.9 
5664.7 
5526.2 
5578.8 
5616.6 
5536.7 
5466.5 
9640.3 

114) 5616.9 
5639 -9 
5819.2 I 

(15) 5014.0 
4917.1 ' 

(32) 4431.0 

(33) 4668.5 

(38) 5320.7 
5345.6 ' 

(39) 5212.6 1 
5201.0 
5201.3 

(40) 4524 9 
4526:6) 1 

I 
(43) 4463.5 ! 

4483.4 
4406.5 I 

- I  

(45) 3963.1 
4020.8 

(46) 4792.0 

(49) 4294.5 
4270.5 

(61) 5518.7 

This 
experiment 

.30 f. 40% 

.25 f. 40% 

1.06 5 15% 
.84 f. 15% 
.50 f. 15% 
.23 2 20% 
.57 2 15% 

1.11 f. 15% 
.17 f. 90% 
.28 5 35% 

.69 f. 20% 

.29 f. 20% 

.22 f. 25% 

.44 f. 20% 

.73 2 20% 

.29 2 20% 

<.06 -- 
.78 5 20% 
.26 f. 20% 
.16 2 35% 

c.11 -- 
.38 2 20% 
.45 f. 20% 

.10 f. 20% 

.ll 2 35% 

.52 2 20% 

.11 25% 

.09 30% 
c . 0 2  - 
J$'-= 

4 3 Z M  
.& 40% 

.&l f. 40% 

.?2 4 20% 

.42 f. 20% 

<.lo -- 
e.20 -- 
C.30 -- 
1.05 2 15% 
1.12 5 15% 
-96 f. 20% 
.76 f. 20X 

1.0 2 30% 

.74 2 45% 

.42 f. 45% 
-99 f. 45% 

1.27 5 40% 
.65 t 40% 
.70 2 40% 

1.05 f. 40% 
.31 f. 40% 

1.08 5 30% 

.31 f. 40% 

.67 +_ 40% 
<2.6 -- 
2.9 240% 

1.00 2 35% 
.78 f. 35% 

.20 f. 35% 

.50 f. 35% 

.46 f. 45% 

.86 f. 35% --- --- 

--- 
.94 f. 35% 
.34 f. 35% --- 

I- --- 

tCalculation by Oertel (private colmnvnication) , see Re.€ [1031. 
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t r a n s i t i o n s  should be regarded as only "moderately excited" (so Coulomb 

p red ic t ions  should, by t h e  genera l  cri teria,  be only "moderately" 

r e l i a b l e ) ;  y e t  on t h e  o the r  hand h e  po in t s  ou t  t h a t  f o r  t h e  same classes 

15  

of t r a n s i t i o n s  i n  011 (analogous o p t i c a l  e l e c t r o n  configurations) 

t h e o r e t i c a l  and experimental r e s u l t s  gene ra l ly  agree t o  wi th in  25%. 

Measured relative s t r e n g t h s  f o r  some l i n e s  of t h e  4s-4p 
110 

t r a n s i t i o n  a r r a y  are compared wi th  LS coupling predic t ions  and Garstang ' s  

in te rmedia te  coupling p red ic t ions  i n  Table X . In t h i s  d i sp lay ,  adopted 

from Bridges and Wiese, a l l  d a t a  are normalized t o  t h e  Coulomb approxi- 

mation l i n e  s t r e n g t h  f o r  

. 
S I 1  X5453.8. Our r e s u l t s  follow roughly t h e  same 

p a t t e r n  recognized by Bridges: l i n e s  of m u l t i p l e t  (6) appear t o  obey inter- 

mediate coupling more c lose ly  than LS coupling, while t h e  o the r  mul t ip l e t s  

show no d i s c e r n i b l e  conformity t o  e i t h e r  type of coupling. 

W e  now consider t h e  dilemma posed by our 6% agreement with Bridges' 

S I 1  r e s u l t s  and our f a c t o r  of .6 disagreement wi th  S I  r e s u l t s .  . E r r o r  

i n  source temperature and e r r o r  i n  t o t a l  s u l f u r  (SI + SII )  number dens i ty  

must work 'in concert  t o  produce t h i s  p a t t e r n  of agreement and disagreement. 

Er ror  confined t o  t h e  t o t a l  number dens i ty  of s u l f u r  can only scale t h e  

A-values of S I  and S I 1  a t  e s s e n t i a l l y  t h e  same rates. Since S I 1  l i n e s  

have more than t e n  t i m e s  t h e  thermal s e n s i t i v i t y  of S I  l i n e s  (c f .  Fig. 5 ), 

only t h e  A-values of S I 1  w i l l  be appreciably a f f ec t ed  by temperature 

e r r o r s  of a few pe r  cent. Since it is  t h e  S I1  r e s u l t s  which agree ,  and 

t h e  S I  r e s u l t s  which d isagree ,  temperature e r r o r s  alone cannot be  a t  

f a u l t .  (The excellent agreement of S I  relative A-values and S I 1  relative 

A-values obviously r u l e s  out relative i n t e n s i t i e s  as t h e  source of e r ro r . )  

Consider t h e  s u s c e p t i b i l i t y  of t h e  two experiments t o  combined 

e r r o r  i n  temDerature and s u l f u r  concentration. I n  Bridges' arc, thermal 
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Table X. . COMPARISON OF MEASURED S I 1  LINE STRENGTHS 

TO STRENGTHS PREDICTED BY LS COUPLING AND 

INTERMEDIATE COUPLING? . 

Mu1 t i p l e  t A (2) This Bridges Intermediate LS 
experiment and Wiese coupling* coupling 

(6) 5453.8 

5432.8 

5428.6 

5564.9 
5509.7 

5473.6 

(7) 5032.4 

(9) 4815.5 
4716.2 

(38) 5320.7 
5345.7 

50.2 -- 
29.5 5 5% 

11.7 2 5% 

0.7 & 12% 
13.7 2 8% 

13.1 5 9% 

19.2 k 12% 

12.8 2 15% 
4.0 2 15% 

3.1 k 35% 

46.0 5 7% 
37.6 5 7% 

50.2 
29.0 

12.4 

8.0 
11.7 
10.8 

25.6 

16.3 

5.5 

3.6 

53.9 
40.9 

50.2 
29.2. 

11.9 

8.1 
12.2 

10.7 

29.0 

7.3 
10.2 

2.8 

50.2 
32.9 

50.2 
26.1 

10.3 

11.3 
13.3 
10.3 

26.3 

12.4 
8.2 

4.5 

50.2 
35.1 

0 
.f 
This t a b l e  adopted from Bridges and Wiese, Ref.[25], t o  
include cur ren t  r e s u l t s .  
Coulomb predic ted  value f o r  A5453.8. 

Intermediate  coupling ca l cu la t ions  are by Garstang, Ref. [1101 

Strengths are nomal ized  t o  t h e  

* 
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gradien ts  cause demixing of t h e  SO2 addi t ive ;  therefore  t h e  sulfur/oxygen 

r a t i o ,  y , a t  a given arc rad ius  had t o  be experimentally determined. 

From observed H halfwidths e l ec t ron  densi ty  w a s  deduced. This is  a 

funct ion of y and T . I n t e n s i t i e s ,  Io , of several 01  l i n e s  of 

known A-values were measured absolutely -- these  a l s o  are funct ions of 

and T . Io(y,T) and Ne(y,T) were then solved simultaneously f o r  t h e  

two unknowns a and T , giving: 

B 

a 

y = 2.3 + 30% 

T = 11,360°K+ 100°K . 
- 

I f  y w a s  i n  r e a l i t y  30% g r e a t e r  and T w a s  r e a l l y  150°K less, then 

the  A-values deduced f o r  would be about 30% too high while those 

f o r  S I 1  would remain e s s e n t i a l l y  unchanged. So here i s  a t  least one 

f e a s i b l e  set of coupled temperature and concentration e r r o r s  which could 

account f o r  t h e  discrepancy i n  t h e  r a t i o  of S I  t o  S I 1  t r a n s i t i o n  

p robab i l i t i e s .  

S I  

To s imi l a r ly  s c r u t i n i z e  t h e  cur ren t  experiment, w e  begin by 

r e fe r ing  t o  Figs.  57 and 5 . The f i r s t  of these  shows t h a t  i f  T were 

r e a l l y  

S I  A5453 t o  

only 9%. Figure 5 shows t h a t  had w e  employed t h e  conventional emission 

.t. 11,200°K , r a t h e r  than an assumed 11,400"K , then t h e  r a t i o  of 

S I  Ah4695 A-values, ARNsII/A(TIB)SI , would be i n  e r r o r  by 

(AE) measurements f o r  both S I  AA4695 and SI1 A5453 , as d id  Bridges, 

r a the r  than thermally i n s e n s i t i v e  measurements, then the  r a t i o  of S I 1  t o  
* .  

SI A-values would have been 35% too  tb$$fm, So I n  t h e  current  work, 

e a l a r g e r  temperature e r r o r  f o r  t h i s  work than f o r  Bridges' 
a s t ronger  case -- claimed accuracies i n  temperature f o r  

riments are equivalent.  
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small errors in temperature cannot produce large shifts in 

relative to those of SI . There is no possibility for demixing of 

our plasmas, but an analogous uncertainty in sulfur density can arise 

from error in the initial partial pressure of 

Figure 58 and the discussion pertinent to it indicated our partial 

pressures of CS2 should be accurate to better than 5% . However, even 
if this error were ten times greater, the relative densities of SI to 

SI1 

SI1 results 

CS2 in our test gases. 

would shift only a few per cent in maintaining Saha equilibrium: 

NS I a -  
NSII 1 % 

% O .  
a(NS1 + NSII) 1 

* T = 11,400°K 

So in the current work, neither temperature error alone, nor sulfur 

number density error alone, nor any combination of the two, can appreciably 

shift the A-values of SI1 with respect to SI . 

F. Transition Probabilities for Si1 and SiII 

1. Introduction. Our results for Si1 and SiII differ from 

our results for CI , SI and SI1 in two respects: accuracies for Si1 

and 

(discussed in Section 2 ) ,  and these results run lower than predicted values 

Si11 were markedly reduced by a set of unfavorable circumstances 

by large, consistent factors. 

Figure 59 

in neon is shock-heated. 

shows the silicon spectra obtained when 40 Torr of 

.2% SiH4 Even at the relatively low 9,800"K 

temperature of this 

neutrals because of 

state densities for 

temperature in Fig. 

s .  

plasma the ion lines are easier to measure than the 

their greater brightness and less diffuse shapes. Excited 

several Si1 and SiII lines are plotted as functions of 

69 
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2. Se l ec t ion  of methods, experimental problems, and reduction 

of data.  The "absolutely measured" l i n e  f o r  S i 1  is A5948 and f o r  S i I I  

w e  use t h e  merged p a i r  of l i n e s  AX5041 . These were se l ec t ed  by t h e  same 

criteria applied i n  s e l e c t i n g  S I  AA4695 and S I 1  A5253 f o r  t h e  s u l f u r  

measurements. 

Figure 61 shows t h e  relative thermal e r r o r  propagation i n  the  

measured A-values of S i 1  A5948 , Si11  AA5056 and S i I I  A6347 f o r  our 

t y p i c a l  shock tube plasmas. As previously,  AE is an A-value measured i n  

absolu te  emission and ARH is an A-value measured r e l a t i v e  t o  H . 
B 

Si l ane  w a s  chosen as t h e  usua l  spectroscopic add i t ive  because 

i t  conta ins  no more than t h e  des i r ed  constituents' ,  s i l i c o n  and hydrogen, 

and does not  hydrolyze as r e a d i l y  as v o l a t i l e  silicon/chlorine/hydrogen 

compounds. Because pure s i l a n e  burns spontaneously i n  a i r ,  i t  w a s  judged 

p re fe rab le  t o  order a premixed d i l u t e  test gas cons is t ing  of 1/3% s i l a n e  

i n  neon. This w a s  supplied with an infra-red ana lys i s t t  c e r t i f y i n g  t h e  

s i l a n e  concentration t o  be .33% molal. 

Most d a t a  runs employed t h i s  test gas a t  40-45Torr i n i t i a l  

pressure.  Plasma temperatures behind f i r s t  r e f l e c t e d  shocks va r i ed  between 

9,500"K and 10,000"K. It w a s  necessary t o  go t o  these  high i n i t i a l  p ressures  

t o  b r i n g  t h e  S i 1  l i n e s  up t o  reasonable br ightness  because s i l a n e  con- 

cen t r a t ions  are s m a l l  and 

have s m a l l  A-values ( t y p i c a l l y  10 sec ) and l a r g e  halfwidths.  

S i 1  r e a d i l y  ion izes ,  while t h e  lines themselves 

6 -1 

However, t hese  high i n i t i a l  p ressures  hampered our a b i l i t y  t o  

determine plasma temperature. For temperatures less than 10,000"K 

ne on N e 1  A5852 is too  weak t o  g ive  a uae fu l ' pho toe lec t r i c  s igna l ,  so  T 

'Additive components not intended as sub jec t  of study o r  f o r  diagnosing t h e  
plasma no t  only eause needless spectroscopic in t e r f e rence  but  a l s o  produce 
an undes i rab le  cooling of t h e  plasma. 

"Supplied by A i r  Products Inc. 
dards is  made which bracke ts  t h e  unknown sample i n  concentration. 

For each ana lys i s ,  a set of comparison stan- 
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h e n 5 8 5  2 
w a s  ava i l ab le  f o r  only a small percentage of runs I n  which 

w a s  photographically recorded. Moreover, at  these low temperatures 

Ha 
temperature l i k e  o p t i c a l l y  t h i n  H 

The drawbacks could have been overcome by using lower i n i t i a l  pressures 

of test gases containing higher  silane concentrations,  but t h i s  was  not 

poss ib le  because it w a s  necessary a t  t h a t  t i m e  t o  r e loca te  our equipment. 

is  no longer o p t i c a l l y  th ick ,  so i t s  i n t e n s i t y  w i l l  scale with 

B r a the r  than l i k e  t h e  Planck function. 

1 
3 B  A% 

I n  computing t h e  temperatures T = -(T + Ta + T ) w e  dis-  

< < TB < Ta . The 
A% 

covered a pronounced systematic  discrepancy; 

d i r e c t i o n  and s i z e  of these  i n e q u a l i t i e s  suggested t h a t  s i l a n e  concentrations 

w e r e  s u b s t a n t i a l l y  lower than .33%. 

T 

I f  a c t u a l  s i l a n e  concentrations are 

lower than assumed, then e l ec t ron  dens i ty ,  because of i t s  near ly  l i n e a r  

dependence upon s i l a n e  concentration, w i l l  be proport ionately reduced. 

But e l ec t ron  dens i ty  i s  a weak funct ion of temperature i n  these plasmas 

because the re  is  l i t t l e  S i 1  lef t  t o  ion ize  a t  T > 9,000'K so '  T 

w i l l  be  d r a s t i c a l l y  reduced by t h e  unknown loss  of s i l ane .  

of H , however, i s  a s t rong  funct ion of temperature, so an unknown 

deficiency i n  s i l a n e  concentration reduces T B  only s l i g h t l y .  The 

s l i t - i n t e g r a t e d  i n t e n s i t y  of 

lower e l ec t ron  d e n s i t i e s  imply t h a t  more of H 

p a r t i a l l y  compensating f o r  t he re  being fewer hydrogen atoms than assumed. 

A% 
The i n t e n s i t y  

B 

Ha w i l l  be  a f f ec t ed  least of a l l ,  because 

w i l l  f a l l  wi th in  the  sl i ts ,  a 

I n  view of these  discrepancies  t h e  mixture w a s  returned t o  t h e  

fac tory  f o r  a second ana lys i s ,  and w e  set about using a l l  t h e  information 

a t  our disposal :  

recorded i n t e n s i t i e s  of N e 1  A5852 . If t h e  assumed s i l a n e  concentration 

w e  had not  h i t h e r t o  employed t h e  few photographically 

is too low, then t h e  A-value of H , measured r e l a t i v e  t o  N e 1  A5852 B 
should be too low a lso .  Indeed, t h e  average f o r  t h e  f i v e  runs i n  which 
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I H g / I  N e  A5852 w a s  ava i l ab le  gave t h e  A-value of H too low by t h e  

f a c t o r  0.7. Since the  A-values of both H and N e 1  A5852 are known, w e  
f3 

B 
canuse t h e  measured pressure and I HB/INeA5852 t o  deduce source 

temperature, 

Other d a t a  w e  had not  used previously were t h e  incident  shock 

speeds S1 . During t h e  inves t iga t ion  of C I  S I  and S I 1  t h e  temperatures 

derived from 

r e l i a b i l i t y  of these  equations r a the r  than t o  improve our bes t  estimated 

S1 by the  Rankine Hugoniot r e l a t i o n s  w e r e  used t o  check 

’ L 1  T = -(T temperature, + TB + Tneon + Th$) . 4 a  Given the  level of agreement 

a i s  less f o r  between T and TS shown i n  Fig. 19 , and noting - ’L 

1 asl T ~ l  

s i l a n e  test gases than f o r  ,5% CH4 + .5% CS2 test gases ,  we now use 

T + 21 t o  form: 
s1 - 

Neh5852 1 

W e  a l s o  reduced the  one successful  da ta  run i n  .5% SiHCa3 , 
obtaining an A-value f o r  S i 1  A5948 a f a c t o r  2 . 1  l a r g e r  than the  

average from the  nine runs i n  s i l a n e  reduced using the  assumed 0.33% 

concentration. 

The s i l a n e  concentration, y , w a s  e s t ima ted  i n  two ways, s ince  

an e r r o r  i n  the  assumed y (0.33%) appeared t o  be t h e  only p laus ib le  

explanation f o r  t h e  breakdown of self-consistency i n  the  redundant 

temperature measurements. The f i r s t  of these  is e s s e n t i a l l y  the  method 

out l ined by Boldt. I n  a given experimental run w e  measure t h e  var iab les  
ws/2 

Ia(A)aX and Ne(A% of H ) . These are ‘Hf3”NeIA5852 ’ ‘HB. ’ ws/2 I B 

a l l  funct ions of t h e  two unknowns, T and y i f  w e  assume the  pressure. 

is accura te ly  known. Figure 62 graphical ly  represents  four  equations i n  
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(y,T) = constant 5 error 5x6 
'Ne A 5 85 2 

IHB(y,T) = constant 2 error 

{s/21a(A) dX (y ,TI = constant 5 error 
-ws/2 

Ne(A of HB)(y,T) = constant 2 error . 

The intersection of any two of these curves defines the coordinates 

(y - + Ay,T - + AT) the other two equations overdetermine (y,T) , so 

those points common to all four curves define the most reliable set of 

coordinates: 

y = .21% 5 .04% 

T = 9,000°K 5 200°K . 

The data can also be handled in a different way to yield another 

estimate of y : for every data run compute the quantity 

for a set assumed y values. The minimum in a(y) vs. y should occur 

at the correct y . Figure 63 illustrates this approach, with the best 

estimate for y being y = .22% 2 40% ... 
The results of Air Products' reanalysis of the test gas cylinder 

was y = .28% T .01% . The reduction in y from .33% to .28% in twenty 
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months, w a s  judged by the  company’s engineers t o  be normal f o r  low 

concentrations of test gases i n  neon carriers, the  hypothesized loss  mechanism 

being absorption i n t o  t h e  cy l inder  w a l l s .  Assuming y decreased at  

a constant rate over t h e  twenty months between analyses,  t h e  value 

appropr ia te  t o  our da t a  runs would b e  y = .30 + .01%. - 
Faced with t h e  dec is ion  t o  adopt e i t h e r  t h e  r e s u l t s  of two 

in fa red  analyses giving 

y = .215 

disagreement -- 
tube p r i o r  t o  f i r i n g  seem p l a u s i b l e  e 

y = .30 , o r  t h e  r e s u l t s  of our own determination, 

w e  choose t h e  la t ter .  W e  can suggest no way t o  r econc i l e . t he  

n e i t h e r  r eac t ion  nor adsorption of s i l a n e  wi th in  t h e  shock 

i- 

The AE-values f o r  S i 1  45948 deduced w i t h  y = .215 are shown i n  

Fig. 64 . The r e s u l t  from t h e  s i n g l e  run i n  .5% SiHCg3 i s  cross-hatched. 

Note t h a t  t h i s  r e s u l t  agrees t o -  a few per cent  wi th  t h e  average of r e s u l t s  

from runs i n  .215% SiH4 : 

i n s t ead  a f a c t o r  of 1.9 discrepency. 

t e n  runs g ives  an RMS 

expected from photographic noise .  

abso lu t e  i n t e n s i t y ,  and absolu te  pressure  i s  5 25% : t h i s ,  compounded with 

a - + 25% uncer ta in ty  i n  y gives  f o r  our absolu te  A-value of S i  A5948 : 

i f  y = .30% had been employed, t h e r e  would be 

The scatter i n  these  r e s u l t s ‘ f o r  t h e  

dev ia t ion  of 12%, which is no t  i n  excess of what is 

The combined uncer ta in ty  from scatter, 

6 -1 A% = -98x10 sec - + 35% . 
~ 

‘The most l i k e l y  r eac t ion  (which is not probably i n  a system pumped-down 
t o  vacuums of lO”6Torr) would be hydrolysis:  

SiH4 + 2 H20 Si02-L+ 4H2 . 
For every s i l i c o n  atom l o s t ,  t h e  test gas would be enriched by 4 hydrogen 
atoms. 
crepancies between 

I f  a s i g n i f i c a n t  f r a c t i o n  of silane reac ted  i n  t h i s  way, d i s -  
and TS Y Th’,2 would be l a r g e  

Ta Te TIHB 1 - 
enough t o  be detected.  

‘NeIA5852 
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Figure 64 g ives  t h e  histogram of ARH-results f o r  S i I I  AX5056, 

where 

QJ 

ARH = 3.8  lo7 sec"' 2 20% . 

Although t h e  scatter i n  these  S i 1  and S i I I  r e s u l t s  are roughly 

equiva len t ,  t he  S i I I  r e s u l t s  should be more accura te  f o r  two reasons: 

f i r s t ,  ARH relies on t h e  r a t i o  of photographic i n t e n s i t i e s ,  

IAh5056/bB , 
t h e  absolu te  i n t e n s i t y  needed f o r  AE of S i 1  A5048 . Also, t h e  r a t i o  

of s i l i c o n  t o  hydrogen 

on t h e  approximately known y 

alone. That i s  

which is less suscep t ib l e  t o  systematic e r r o r  than 

number d e n s i t i e s  has a much weaker dependence 

than does t h e  s i l i c o n  number dens i ty  

a ~)~ < < (NSiI  A5948 ] 
T 

T 

A t  t h e  l o w  silane concentrations w e  used, however, t h e  approximately known 

impurity concent ra t ion  of hydrogen (from w a l l  contaminents) can introduce 

an estimated 10% unce r t a in ty  i n t o  AR# of Si11 h5056. 

3. Res,u;l%s ~ Q F :  t r ~ ~ k t ; , ~ s r l . g g r c ~ ~ i t . i ~ ~ ~ ~ , # f  ~ S i 1  .and Si11 . 
Current r e s u l t s  f o r  S i 1  and Si11 are l i s t e d  i n  Table X I  . Severa l  

S i 1  

i n t e n s i t y  da t a ,  s ince  i n  our s p e c t r a  t h e  re lavent  l i n e s  merged completely. 

Under shock tube conditions (T 

A-values could be deduced only by re ly ing  on published r e l a t i v e  

10,OOO°K). they form two broad f ea tu res  

(AA6150, hA6240) having g rea t e r  i n t eg ra t ed  i n t e n s i t i e s  than any o the r  

S i 1  featwee w e  rheasuged. Tbz:bnp#rtd the stated A-values we used degeneracies 



Table XI.  

2 39 

TRANSITION PROBABILITIES FOR S I 1  

M u l t i D h t  

8.01 

9 

10 

11 

11.05 

11.06* 
16 
17 
17.02* 
17.03 
17.08* 
21.10 

21.11* 

* 
21.12 

21.13 

21.16* 
21.17 

21.18* 
21.19* 

Trma It Ion 
jn. lower) (m. UPpBr) 

40 3P" - 5p Lp 
4s %" - 5p 3D 

4s %. - 5p 3p 

4s 3P" - 5p 3s 

4s %" - 6p % 

4s %" .. 6p 3s 
4s 'Po - 5p 'D 
4s lP" - 5p l a  

4s lP" - 4f'[lkJ 
48 'Po - 4f'[2k] 

413 'Po - 6p 'D 

3p3 3D0- 5f[2kl 

3p3 %.- 5f[3%1 

3p3 3D0- 5 f ' [ k l  

3p3 3D0- 5f'[2k] 

- Jndm 

1-1 

2- 3 
1-2 
0-1 
2-2 

2-2 
1-1 
2-1 
1-0 
1-2 
0-1 

2-1 
1-1 
2-2 
1-0 
1-1 

2-1 

1-2 
1-0 

1-2 

1-2 

1-2 
2-3 
1-2 

3-4 
3-3 
2-3 
3-4 
2- 3 
3-3 
2- 3 
2-2 
1-2 
1-2 

2-3 
3-4 
3-4 
3-3 
2-3 
2.2 

a 
5873.7 
5797.9 
5793.1 
57m.4 
5859.2 
5708.4 
5690.5 
5754.3 
5701.1 
5645.7 
5665.6 
5864.5 
5622.2 
4792.3 
4792.2 
4772.7 
4782.9 
5948.5 
5772 e 2  

5517.5 
5493.2 
5006 .o 
6244.5 

6254.2 
6254.3 
6243.8 
6155.1 
6145.0 
6142.4 
613 .8  
61U.6 
6125.0 
5747.6 

6237.3 

5753.6 
5763.0 
5675.4 
5669.7 
5660.6 

Amn 
107,,C"1 - 

-007 

.017 

.022 

.027 
c.002 

.066 
-053 . 
e005 
.lo5 
.Olg 
.038 
.085 
.006 
,008 
,006 
,016 . 011 

,098 
175 

.008 

.009 

.018 
,061 
.log 
.068 . 010 
.061 
.047 
.038 
038 
.034 
.Oh5 
,047 
,010 

,005 
.005 
.007 
.003 
.008 
.008 

I"gloef - 
-2 -970 
-2.210 
-2.252 
-2.395 

~ 3 . 3 0 6  
-1.795 
-2,116 
-3.146 
-2.291 
-2.338 
-2.262 
-1.910 
-3.086 
-2.861 
-3.685 
-2.782 
-2.958 
&985 
-2.058 
- a . m  
-2.706 
-2.465 
-1.601 
-1.495 
-1.443 
-2.400 
-1.601 
-1.620 
-1.828 
-1.828 
-1.873 
-1.900 
-1.873 
-2.615 
-2.778 
-2.624 
-2.498 
-3.073 
-2 582 
-2.722 

Tolerance Renurks -- 
*45% 
35% 
35% 
35% 

35% 
35% 
35% 
35% 
45% 
35% 

" 35% 
45% 

45% 
45% 

' 45% 

35% 
35% 

- 

45% } 

40% 
40% 
40% 
45% 
45% 
45% 
45% 
45% 
45% 
45% 
45% 
45% 
45% 
45% 
45% 
45% 
45% 
45% 
45% 
45% 1 

5660.5 45% J 

M$ITf010 PRO-LITIEB FOR Si11 
2 4 2s - 4 2P" bur 61347;i 3.10 - .w7 *40% 

b 4 6371.3 3.07 - .33l 40% 
4 4 2Po - 5 s ib k 5978.9 5.27 - .247 30% 

Ir 4 5957.6 3.56 - .413 30% 
2 

5 4 2Po - 4 2D 

'Revlred c l u s i f l c a t i o n  inn C. E. Moore, BRDSEIBG 2, Section 2. 
( l ' A l 1  of our Si1 l ines  a m  muvcd re la t ive  t o  th io  Uno. 
(2)A.11 of our 8111 l ines  M manured relat ive t o  t h i s  blended p d r .  
(3)Pronolmced Stark broadening caums these l i m o  t o  blend In our plaemasr the relative 

intensi ty  observrtioas given by Moore are mod t o  daduce the relative strength0 of the  
stmnger l ines  within multiplets. 
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and t h e  r e l a t i v e  i n t e n s i t i e s  as i nd ica t ed  i n  the  t a b l e  and employed t h e  

mean e x c i t a t i o n  energy of the blended l i n e s ,  a l l  of which l i e  wi th in .  

0 . 1  e V  of t h e i r  m e a n .  

Lines composing mul t ip l e t  (10) could not  be  resolved w e l l  

because wing blending made determination of t h e  l o c a l  continuum uncertain.  

4. Checks f o r  i n t e r n a l  consistency. Because d a t a  runs using 

s i l a n e  a l l  grouped around t h e  same plasma temperature and pressure ,  and 

because a l l  s i l a n e  came from a s i n g l e  cy l inder ,  w e  cannot make comparisons 

analogous t o  those of Figs. 51, and 52 . 
As a l ready  noted, t h e  s i n g l e  d a t a  run using SiHCR3 agreed 

with t h e  average of t h e  s i l a n e  r e s u l t s  t o  wi th in  j o i n t  tolerances.  

To check self-consistency w e  a l s o  computed ARH of S i 1  A5948 

and AE of S i I I  AA5056. Both these  A-values have an  impl i c i t  thermal &pen- 

dence roughly equal t o  t h a t  of t he  in t eg ra t ed  i n t e n s i t y  of H , s o  t h e  

1.5% - 2% uncer ta in ty  i n  T ( f o r  t h e  s i l a n e  da ta )  l eads  us t o  expect 

about t w i c e  t h e  scatter f o r  t hese  A-values as f o r  t h e  thermally i n s e n s i t i v e  

r e s u l t s  AE of S i 1  A5948 and ARH of S i I I  AA5056. The 10% agreement 

between t h e  averaged AE and t h e  averaged ARH r e s u l t s  f o r  both 

S i11  A5048 and S i I I  Ah5056 a f f i rms  t h a t  no gross  e r r o r s  e x i s t  i n  our 

B 
n J  

absolu te  photometry. 

5. Comparison with l i t e r a t u r e  values.  I n  comparisons with both 

t h e o r e t i c a l  p red ic t ions  and previous experimental f ind ings  t h e  cu r ren t  

S i 1  and S i I I  r e s u l t s  i nva r i ab ly  emerge as t h e  l o w  absolu te  values.  

Table X I 1  compares t h e  cu r ren t  S i 1  results aga ins t  Coulomb 

approximations and t h e  r e s u l t s  of Hey's%ivestigation ( the  s o l e  previous 

experimental study i n  the. region 4600i < A < 6900i) . We included i n  t h i s  
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t a b l e  a comparison between l i t e r a t u r e  values f o r  A3905.5 and A4102.9, 

two S i 1  l i n e s  w e  d id  not  measure, t o  ca l l  a t t e n t i o n  t o  t h e  unfortunately 

l a r g e  disagreements between authors 7,23,47,48,111,112 for t h i s  astro- 

phys ica l ly  important element. 

Our S i 1  r e s u l t s  run cons i s t en t ly  below Coulomb p red ic t ions  

by f a c t o r s  of 3-5. 

r e l i a b l e  f o r  t hese  t r a n s i t i o n s  because t h e  lower levels are s-states 

(penetrating o r b i t a l s )  and are only moderately excited.  The r a d i a l  wave 

func t ions  a l s o  come very c l o s e  t o  cance l l a t ion .  S t i l l ,  our C I  r e s u l t s  

agreed c lose ly  with Coulomb predic t ions  which are expected t o  be no more 

Coulomb p red ic t ions  are not expected t o  be very 

r e l i a b l e  than f o r  t hese  S i 1  l i n e s .  

W e  f a l l  a f a c t o r  of 2.1 below Hey's va lue  f o r  S i 1  A5948 . 
Hey's r e s u l t  €or S i 1  A4102.9 (which w e  d i d  not  measure) agrees t o  10% 

with Lawrence and Savage. 

ca l cu la t ions  t o  t r a n s f e r  t o  S i 1  X4102.9 t h e  r e s u l t s  of t h e i r  l i f e t i m e  

47 
The lat ter au thors  used intermediate coupling 

measurements on S i 1  A2505. It appears t h a t  l i t t l e  of t h e  accuracy of t h e  

l i f e t i m e  determination w a s  l o s t  i n  t h i s  t r a n s f e r  because o the r  S i 1  A-values 

s i m i l a r l y  t r e a t e d  by Lawrence and Savage agree very w e l l  with t h e  relative 

A-values measured by C o r l i s s  and Bozman. 

f o r  Hey's r e s u l t  f o r  

raises questions about Hey's r e s u l t :  

.0171x10 sec , is  sca led  by the.Lawrence and Savage predic t ions  (c f .  

48 
So t h e r e  is independent support 

S i 1  A4102.9. But much t h e  same l i n e  of argument 

i f  Hey's r e s u l t  f o r  S i 1  A4103, 
i 

7 -1 

Table X I I )  t o  g ive  

- - 
*3905 

t h e  A-value of S i 1  A3905.5 , w e  ge t :  

1.45 7 - x . 0 1 7 1 ~ 1 O ~ ' s e c ~ ~  = 1.5 x10 secml . ,015 7 8 
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Table XII. APPLICATION OF CURRENT RESULTS TO Si1 SOLAR 

ABUNDANCE DETERMINATIONS+, SHOWING DECREASED 

SCATTER FROM IMPROVED RELATIVE gf VALUES . 

Multi- A (% 
plet 

97971 9- 
3793.1 

5645.6 
5665.5 
5690.4 
5701.1 
5708.4 

5684.5 

5948.5 

log [solar 7 3 
abund.ance (a) (b) 

1% gf 1% gf 
from * 

Renormalized based on based 
approximat ion current results (4 (b) 

+ from 
Coulomb 

- - ira5 
-1.52 

-1.70 
-1.79 
-1.92 
-1.79 
-1.22 

- 1.54 

- .89 

-1.54 6.79 7.08 
-1.56 7.07 7.11 

-1.65 7.13 7.08 
-1.57 7.27 7.05 
-1.43 7.64 7.15 
-1.60 7.22 7.03 
-1.11 7.16 7.05 

- 1.22 7.34 7.02 

- -89 7.11 7.11 

on 

5772.2 - 1.58 - 1.36 7.32 7.10 

Variance: 0.22 0.~4 

'B.J. O'Mara,Thesis California (1967). 

* 
Current results renormalized to agree with 'Coulomb approximations 
for siI ~5948.5 . 

Absolute (non-normalized) current results would increase solar abundance 
of 

7 
SiI by a factor of 4 over that given in the last column above. 
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While t h i s  A-value is t w i c e  as g r e a t  as predic ted  by t h e  Coulomb approxi- 

mation, Hey's r e s u l t  f o r  7 S i 1  A5948 , .216%10 sec", is  about one ha l f  

as l a r g e  as t h e  Coulomb p red ic t ion .  

Regardless of how c lose ly  Hey's r e s u l t s  agree with o the r  experi- 

ments a t  4,000; , w e  are r e a l l y  concerned with h i s  r e s u l t s  a t  5,950i . 
Although h e  measured no S i 1  l i n e s  i n  t h e  i n t e r v a l  between 4,0001 and 

5,950i , both he and t h e  cu r ren t  author measured 

v i c i n i t y  of 5,0501 , 5,950i and 6,3501 . Our relative Si11 A-values 

d isagree  by as much as a f a c t o r  of 2, which is g r e a t e r  than j o i n t  to le rance  

S i11  l i n e s  i n  t h e  

estimates. 

I n  t h e  absence of previous labora tory  values with which t o  compare 

our relative 

O ' M a r a . 2  Coulomb p red ic t ions  f o r  several of t h e  

S i 1  r e s u l t s ,  w e  t u r n  t o  t h e  s o l a r  abundance s t u d i e s  of 

S i 1  l i n e s  he  used t o  

determine t h e  s o l a r  abundance of s i l i c o n  are l i s t e d  i n  t h e  t h i r d  column of 

Table X I I I .  A s  seen i n  t h e  f i f t h  column of t h e  t a b l e ,  t h e  s i l i c o n  abundances 

deduced from these  pred ic ted  A-values disagreed by as much as 42 = 2.6 . 
By renormalizing t h e  cu r ren t  r e s u l t s  t o  agree  with t h e  Coulomb approximation 

gf va lue  f o r  A5048.5 , w e  ob ta in  t h e  set of gf va lues  l i s t e d  i n  t h e  

fou r th  column: s u b s t i t u t i n g  these  f o r  t h e  Coulomb approximations used by 

O'Mara scales h i s  abundance determinations i n t o  the  set shown i n  t h e  s i x t h  

column of t h e  tab le .  Our relative gf values are thus  seen t o  reduce t h e  

rms scatter i n  abundance estimates by a f a c t o r  of s i x .  

Our S i 1  r e s u l t s  d i s c l o s e  one gross  v i o l a t i o n  of LS coupling.: 

A5684.5 and 15622.2 of m u l t i p l e t  (11) should have r e l a t i v e  s t r eng ths  of 

5.0 and 3.0, r e spec t ive ly ,  according t o '  LS coupling. W e ,  i n  con t r a s t ,  
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obta in  a r a t i o  of 7.5 t o  <0.5. The i n t e n s i t y  r a t i o s  from which these  

relative l i n e  s t r eng ths  were deduced w a s  t yp ica l ly  50 t o  3, t h e  same in- 

t e n s i t y  r a t i o  as observed by Kiess. 

t he  value 50 t o  1 2  f o r  t h i s  r a t i o ,  more near ly  i n  accord with 

113 
However, Radziemski e t  a1 obtained 

LS 

coupling. Both of these  authors used low pressure lamps. Regarding the  

discrepancies  i n  r e l a t i v e  i n t e n s i t i e s  w e  can only remark t h a t  exc i t a t ion  

i n  our plasmas is  exclusively thermal and t h a t  our in tegra ted  i n t e n s i t i e s  

f o r  

f o r  t h e  r a t i o  of s t r eng ths  f o r  these  two l i n e s ,  

S i 1  A5684.5 w e r e  q u i t e  s t rong  enough t o  insure  a t  least a 30% tolerance 

Table= a l s o  compares with LS coupling t h e  relative s t rengths  

f o r  those l i n e s  of mul t ip l e t  (9) which w e  could resolve.  fiere too w e  find 

departures  from LS-couplingbut none s o  d r a s t i c  as i n  mul t ip le t  (11). 

This l imi ted  evidence seems t o  suggest t h a t  use of LS coupling predict ions 

is  a t  least p a r t i a l l y  responsible  f o r  t h e  scatter i n s o l a r  

determinations.  

S i 1  abundance 

Table XIVcompares the  cur ren t  S i 1 1  r e s u l t s  with l i t e r a t u r e  

values. There i s  a bewildering v a r i e t y  of disagreements -- almost a l l  of 

them la rge .  Our r e s u l t s  f o r  mul t ip l e t s  (2) and (5) average a f a c t o r  of 

.6 less than the  r e s u l t s  Hey obtained using a s t a b i l i z e d  arc: 

agree with h i s  r e s u l t  f o r  A5978.9 t o  wi th in  8%. Withrespect t o  SCF, 

ye t  w e  
114 

115 7 
SOC and Coulomb approximations our r e s u l t s  are general ly  s m a l l  by 

f a c t o r s  of 2 t o  &, y e t  w e  agree with t h e  Coulomb approximation f o r  

A5957.6 t o  wi th in  10%. 

Responsibi l i ty  f o r  t h e  f a c t o r  of .6 disagreement with Hey's 

r e s u l t s  f o r  mul t ip l e t s  (2) and (5) cannot be ascr ibed t o  the  usual causes. 

Since our r e s u l t s  f o r  both S i 1  and S i 1 1  bear  e s s e n t i a l l y  t h e  same 

f a c t o r  of .6 r e l a t ionsh ip  t o  Hey's r e s u l t s  (cf .  Tab leXI I ) ,  a temperature 
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e r r o r  i n  e i t h e r  experiment cannot alone account f o r  t h e  discrepancy. 

Moreover, r e f e r r i n g  t o  F i g . 6 1 ,  w e  f i n d  t h a t  t h e  r a t i o  of 
AIMsiII 

(curve I r B I 1 )  t o  

va r i ed  only 5% by a 5% e r r o r  i n  source temperature, so i n  t h e  cu r ren t  

r e s u l t s  t h e  r a t i o  of S i I I  Ah5056 t o  S i 1  A5948 A-values is  thermally 

MSiI (curve "C") i n  t h e  cu r ren t  experiment can be 

in sens i t i ve .  

t o  do with t h e  relative silane concentration y : however, i f  our adopted 

y is g ross ly  i n  e r r o r ,  r e s u l t s  f o r  S i 1  would be  a f f ec t ed  much more than 

r e s u l t s  f o r  S i I I .  That is ,  a l a r g e  e r r o r  i n  y could not  both reduce 

our r e s u l t s  with respec t  t o  Hey and ye t  leave t h e  r a t i o  of S i 1  t o  S i I I  

A-values intact. 

The l a r g e s t  estimated uncer ta in ty  i n  t h e  cur ren t  work has 

I f  abso lu t e  photometry is a t  f a u l t ,  why should our 

C R I  A4601 r e s u l t s ,  obtained wi th  a SiHCR tes t  gas (c f .  Section H), 
3 

agree t o  wi th in  5% with Hey's r e s u l t s  f o r  t h i s  l i n e ,  which h e  s i m i l a r l y  

measured (using SiCR4 test gases) simultaneously wi th  s i l i c o n  l ines?  

Demixing i n  t h e  arc should not  be pronounced s i n c e  s i l i c o n  and ch lo r ine  

d i f f e r  r e l a t i v e l y  l i t t l e  i n  atomic weight. 

G. T rans i t i on  P r o b a b i l i t i e s  f o r  P I  and PI1  . 
1. Introduction. The cur ren t  r e s u l t s  are, t o  t h e  b e s t  of 

our knowledge, t h e  f i r s t  experimentally determined v i s i b l e  A-values f o r  both P I  

and P I1  . Although Martin made ex tens ive  relative i n t e n s i t y  measurements 116 

covering t h e  near I R  , v i s u a l ,  and near W spec t r a  of both P I  and P I 1  , 
h i s  l i g h t  source w a s  a hollow cathode lamp, so t hese  d a t a  could not  be re- 

duced t o  t r a n s i t i o n  p r o b a b i l i t i e s .  

The t o x i c i t y  v o l a t i l e  phosphorus compounds (e. g . PH3) 
8 .  

and t h e  low vapor pressure  of pure phosphorus may have discouraged 

p r i o r  study with sources g iv ing  t r u l y  thermal exc i t a t ion .  
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Fig. 65: Densitometer Tracings, 5200; - 55001 , f o r  Two Shocks i n  

0.14% PH + 99.86% Neon, Showing Strong Temperature Dependence 

i n  the Relative Brightness of P I  and P I 1  l ines .  
3 
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However, when a thermal source i s  employed, one f i n d s  t h a t  t h e  

e l e c t r o n  d e n s i t i e s  which are necessary f o r  

t h e  s t ronger  P I  l i n e s  t o  blend with e i t h e r  P I1  l ines  o r  t h e  P I  l i n e s  i n  

o t h e r  mul t ip l e t s .  

LTE a l s o  cause almost a l l  of 

Fortunately,  t h e  shock tube has t h e  c a p a b i l i t y  of producing 

e i t h e r  spark-like o r  arc-like spec t r a ,  enabling us i n  several cases t o  

minimize in t e r f e rence  between l i n e s  of P I  and PI1  Taking ion iza t ion  

i n t o  account, t h e  e f f e c t i v e  e x c i t a t i o n  energ ies  of v i s i b l e  P I  and P I1  

l i n e s  d i f f e r  t y p i c a l l y  by a Rydberg. Moreover, t h e i r  t r a n s i t i o n  probabi l i t -  

ies are very d i s s i m i l a r ,  being t y p i c a l l y  10 sec-l f o r  P I  and 10 sec-l 

f o r  

source temperatures from 9,500°K, where P I  l i n e s  are s u b s t a n t i a l l y  

6 8 

P I1  . By simply varying t h e  i n i t i a l  test gas pressure'we could vary 

b r i g h t e r  than P I1  l i n e s ,  t o  12,500°K, where t h e  PI1  s p e c t r w  is  f a r  

b r i g h t e r  than t h e  PI  spectrum. 

The two densitometer t r ac ings  i n  Fig. 65 are f o r  two 

.14% PH 

spectrum was  9,600"K (corresponding t o  use of a 45Torr i n i t i a l  p ressure  

of test gas) ,  while source temperature f o r  t he  lower spectrum w a s  12,100°K 

+ 99.86% neon test gases. Plasma temperature f o r  t h e  upper 3 

(where i n i t i a l  test gas pressure  of 15 Torr Was used). The relative 

br ightness  of t h e  P I  and P I 1  s p e c t r a  i n  these  two plasmas is s t r i k i n g l y  

d i f f e r e n t .  

A reproduction of a drum camera spectrogram taken during one 

is shown i n  Fig. 66 . of t h e  cooler  shocks i n  PH3 

Owing t o  t h e  r e loca t ion  of our equipment, only 9 experi- 

mental runs were made using PH + n e o h ' t e s t  gases: of these  9 ,  two 3 

r aph ic  records  which were excessively dense and one run 

of an  accident during developing of t h e  drum camera 
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fi lm. 

e f f o r t s  on t h e  s p e c t r a l  reg ion  between 4800; and 59001. 

Because t h e  number of runs w a s  l imi t ed ,  we concentrated our 

This reg ion  is  

B 
spanned by a s i n g l e  drum camera recording and inc ludes  both H 

and t h e  major i ty  of s t ronge r  v i s u a l  P I  and P I1  l i n e s .  

* 2. Design, execution and reduct ion  of experimental runs. Within 

t h e  wavelength range s tud ied , the  b r i g h t e s t  P I  and PI1  l i n e s  not 

s e r ious ly  blended are P I  A5477 and P I1  A5253 . 
The spec t roscopic  a d d i t i v e  gas i n  these  s t u d i e s  was  PH3 .. 

Because of i t s  t o x i c i t y ,  a l ean  mixture of PH i n  neon w a s  chosen. 

This w a s  supplied ( A i r  Products, Inc.)  wi th  an I R  ana lys i s  s t a t i n g  t h e  

molal concentration of PH as .28%. 

3 

3 

Figure 15 shows t h e  relative e r r o r  propagated i n t o  various 

measured A-values f o r  

A(TIB)pII = +,(ARNpII + ARH,,II) , under our usua l  shock tube conditions.  

For only one experimental run could w e  use mPII : 
either t h e  recorded wavelengths d id  no t  extend up t o  

PI1  15253 ; AEpII , ARSII , ARNpII and 

f o r  o the r  runs 

A5852; o r  else 

N e 1  A5852 w a s  too b r i g h t  t o  give a use fu l  photographic dens i ty .  This 

r e s u l t  w a s  obtained simultaneously wi th  one of our f i v e  
One ARNPII 

ARKpIL r e s u l t s .  

For t h e  source conditions most commonly used i n  our s tudyof  

phosphorus ( Table I1 ) t h e  thermal dependence of 

A-value f o r  

AEpI , (the emission 

P I  A5473, is similar t o  the  relative thermal dependence of 

i n  F i g . 6 1 .  That is ,  AEpI f o r  To 2 12,000°K is similar t o  

a t  T - 9,000'K . 
%iI 

%iI 0 

% 

The g r e a t  major i ty  of P I  and' PI1  l i n e s  w e  s tud ied  had 

s i g n i f i c a n t  blending problems. When a blended p a i r  cons i s t s  of a PI 

l i n e  and a P I1  

fe rence  by f i r s t  producing s p e c t r a  where i o n  l i n e  br ightness  w a s  enhanced 

l i n e ,  we could e f f e c t i v e l y  e l imina te  t h e  mutual i n t e r -  
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and n e u t r a l  l i n e  br ightness  suppre=d,and then producing much cooler  

plasmas where the  relative br ightness  of P I  and P I 1  l i n e s  w a s  

reversed. 

c h a r a c t e r i s t i c  d i f fe rences  i n  the  shapes of P I  and P I 1  l i n e s ;  t h e  

n e u t r a l  l i n e s  are t y p i c a l l y  t en  t i m e s  broader than the  ion  l i n e s .  

Unscrambling of blended p r o f i l e s  w a s  f u r t h e r  aided by the  

When a blend cons i s t s  of two ion  l i n e s  o r  two n e u t r a l  l i n e s  

(of d i f f e r e n t  mu l t ip l e t s )  which overlap almost completely w e  deduce 

A-values only when one member of t h e  blended p a i r  is a t  least four  times 

b r igh te r  than t h e  o ther  member according t o  Martin 's  r e l a t i v e  i n t e n s i t y  

determinations . I n  such cases w e  use Mart in 's  r e l a t i v e  i n t e n s i t i e s  t o  

sub t r ac t  out t he  weaker l i n k &  cont r ibu t ion  t o  the  blend ; we deduce the  

A-values only f o r  t he  dominant members of blended p a i r s .  When t h e  two 

blended l i n e s  are of comparable br ightness  w e  do not a t tempt  reduction t o  

A-values unless  the  l i n e s  are s u f f i c i e n t l y  separated t h a t  blending is  con- 

f ined  t o  the  wings. 

t 

W e  estimate t h a t  blending cont r ibu tes  not more than 10% t o  our 

s t a t e d  tolerances.  

I n  reducing our da t a  f o r  P I  and P I 1  w e  encountered breakdowns 

i n  s e l f  consistency between redundant temperature measurements. 

the  case with our s i l i c o n  da ta ,  t he  incons is tanc ies  ind ica ted  t h a t  the  

A s  w a s  

r e l a t i v e  concentration of spectroscopic  add i t ive  gas w a s  subs t an t i a l ly  

less than indicated by our suppl ie r .  

Except f o r  t he  f a c t  t h a t  most experimental runs made during our 

study of P I  and P I 1  had temperatures i n  the  neighborhood of 12,000°K, 

.. 

'Our relative i n t e n s i t i e s ' a g r e e  with Martin 's  t o  2 30% 
l i n e s  i n  t h e  same s t age  of ion iza t ion .  

for i so l a t ed  
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Table XV. TRANSITION PROBABILITIES FOR PI 

t Transition 
(n. lower) (m. uover) 

4s 4P - 5p 4s0 

4s 4P - 5p 4P0 

4s 4P - 5p 4D0 

4s 2P - 5p 2P0 
4s 2P - 5p 2Do 

3p4 4P - 4f 4D0 

3p4 4P - 4f 4D0 
4s 2P - 5p 2so 

- Jn-Jm 

&-l% 
2%-1% 

+1% 
1%-% 
14211% 
2%-2% 

42.1% 
1+2% 
2%-3% 

1%-1% 

%-1% 
1%-2% 

1%4% 

%-1% 

2%-3% 

1%-% 

h ct, 

5015. a 
5079.3 

5061.9 

509a.2 5100.9 1 
5109.6 

5149.4 

5162.2 
5154. a 

5345. a 
5458.3 
5477.7 

5514*7 5517.0 1 
5546.9 

5905.0 

Amn 
1 o6 sec-l 

.24 

.73 

.4a 

.4a 

.44 

.24 

1.61 

1.85 
2.92 

1.14 

.51 

.37 

1% gf Lo 

-2.438 
-1.949 

-2.129 
-1.990 
-1.945 

-1.761 

-1.561 

-1.482 
-1.103 

-1.137 

-2.030 

-2.408 

Tolerance 

- + 45% 
30% 

35% 
30% 
35% 

35% 

35% 

40% 
30% 

30% 

39% 

40% 

'Classification from W. C. Martin, J. Opt. SOC. Amer. 49, 1701 (1959). 

Remarks: (1) This transition measured absolutely; other PI transitions measured 
relative to it. (2) Under shock tube conditions each of these lines is merged with 
some other PI line belonging to a different multiplet. 
employed in the analysis of these line pairs which we feel is justified when one of 
the merged pairs is at least four times stronger than the other according to his 
relative intensity estimates: only the stronger members of the pair are then reduced 
to A-values. (3) These PI lines are merged with PI1 lines, but reduction to A-values 
is possible for source conditions where the PI1 line is not more than 114 the strength 
of the PI line. (The PI1 lines in question can be enhanced to 10 times the brightness 
of any observed PI line, so their A-values may he obtained by going to higher source 
temperatures. The PI A-values are small and the PI lines arise from low energy states 
while the PI1 A-values are very large but arise from high energy states. 
source temperatures f. 3000'K one 'can effectively suppress or enhance either the PI or 
PI1 spectrum.) (4) This line merged with the line Neon I X5906.4, but approximate 
correction for this interference is made in an analogous fashion to that given in 
remark (3). 

The results of MARTIN were 

By shifting 
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Table XVI. TRANSITION PROBABILITIES FOR PI1 

Amn Transition 
Multiplet (n, lower) (m, upper) Jn-3m X & 108sec-' loglOgf Tolerance Remarks 

5 

6* 

4s 3p0 - 4p 3n 

4s 3P0 - 4p 3P 

7* 4s 3P0 - 4p 3s 

0 

10* 4s 'P - 4p lD 

13 4p 3D - 5s 3P0 

15 4p 3D - 4d 3F0 

23* 4p 3P - 5s 3P0 

27* 4p 3s - 5s 3P0 

2-3 
1-2 
1-1 

2-2 
1-1 
2-1 
1-0 
0-1 
1-2 

2-1 
1-1 
0-1 

1-2 

3-2 
2 -1 
1-0 
1-1 

3-4 
3-3 

2-2 
1-1 
2-1 
1-0 
1-2 
0-1 

1-2 
1-1 

6043.1 
6024.1 
6087.8 

5425.9 
5386.9 
5499.7 
5409.7 
5344.7 
5316.1 

5296.1 
5191.4 
5152.2 

5253.5 

4943.4 
4969.6 
4954.3 
4927.0 

4602.1 
4658.3 

5450.7 
5507.1 
5583.3 
5541.2 
5378.1 
5483.6 

5588.2 
5727.7 

8 73 
-30 
.24 

1.12 
.55 
.31 
1.43 
.66 
.29 

.86 

.19 

.02 

1.15 

1.28 
.68 
.68 
.36 

1.72 
2.52 

.85 

.53 

.51 

.39 

.70 

.38 

.28 

.9a 

* 447 -. 043 -. 395 
.393 
-.142 
-.374 
-.202 
-.074 
-.207 

.036 -. 638 
<-1.686 

.375 

,371 -. 121 -. 601 
-.403 

.692 

.759 

.278 
- .144 
-.146 
-.344 -. 075 
.024 

-.051 
-.377 

35% 

25% 
25% 
20% 
25% 
30% 
25% 

30% 
25% --- 
20% 

25% 
30% 
25% 
30% 

35% 
35% 

35% 
35% 
35% 
35% 
30% 
35% 

35% 
45% 

(3) 

* 
Measurement secured fo r  all members of multiplet. 
Remarks: (1) Accuracy for this multiplet is degraded (to 5 35%) because only two 
observations were made at this wavelength. (2) This transition.was measured 
absolutely; all other PI1 transitions are measufed relative to it. (3) For these 
multiplets the lines are relatively weak so that the measurements suffer from low 
signal-to-noise ratios. 
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(A) 1O8sec-l 
Multi-  
p l e t  

This  Coulomb* 

Table XVII. COMPARISON OF P I  AND P I 1  TRANSITION 
PROBABILITIES WITH COULOMB APPROXIMATIONS 

Multi-  A(%) 1 A , ~  108sec-1 p l e t  
This  Coulomb* 

(9 106s ec-l 

This  Coulomb* 
experiment approximation 

5015.8 .24 f. 45% 2.0 
5079.3 .73 If: 30% 2.9 

5061.9 .48 f. 35% 1.5 
.44 2 30% 1.3 5100.9 

5098.2 

5109.6 .48 2 35% 3.4 

5149.4 

5162.2 
5154. a 

5345.8 

5477.7 
5458.3 

d s e c - l  

This  Coulomb* 
experiment approximation 

.24 5 35% 2.1 

1.61 35% 7.3 

1-85 5 40% 3.8 
2.92 f. 30% 5.7 

I 

(5) 6043.1 
6024.1 
6087.8 

(6) 5425.9 
5386.9 
5499.7 
5409.7 
5344.7 
5316.1 

(7) 5296.1 
5191.4 
5152.2 

(10) 5253.5 

(13) 4943.4 
4969.6 
4954.3 
4927 .O 

(15) 4602.1 
4658.3 

(23) 5450.7 
5507.1 

5541.2 
5583.3 

5378.1 
5483.6 

(27) 5588.2 

experiment 

1.28 ;f 25% 
-68 & 30% 
.68 2 25% 
.36 5 30% 

1.72 5 35% 
2.52 5 35% 

.a5 2 35% 

.53 5 35% 

.51 ;f 35% 

.98 f. 35% 

.39 2 30% 

.70 If: 35% 

.3a 35% 

approximat ion  

.63 
-58 
.78 
* 19 

1 .9  
.21 

.33 . 11 

.19 

.45 

.ll 

.15 

.15 

! 
* 
Coulomb approximations c a l c u l a t e d  by M. W. Smith, 
p r i v a t e  communication, who estimates t h e i r  r e l i a b i l i t y  
as "E" (uncer ta in ty  > 50%). 

.. 
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.so t h a t  T w a s  measureable, t h i s  s i t u a t i o n  i s  analogous t o  the  one 

w e  encountered with s i l i c o n .  

Boldt as w e  applied t o  our s i l i c o n  da ta ,  w e  found t h e  relative 

concentration t o  be .14 - + .03, r a t h e r  than .28 as s t a t e d  by t h e  supp l i e r .  

neon 

Using t h e  same modified techniques of 

pH3 

and -PI1 3. Checks f o r  i n t e r n a l  consistency. Although AEpI 

are t h e  thermally i n s e n s i t i v e  A-values f o r  P I  A5477 and P I 1  A5253 , 

respec t ive ly ,  w e  a l s o  measured t o  check f o r  o v e r a l l  9 1  and AEPII  

consistency. 

i n s e n s i t i v e  counterpar t s ,  bu t  agreed with them i n s i d e  of j o i n t  tolerances.  

These lat ter r e s u l t s  s c a t t e r e d  more than t h e i r  thermally 

4. Results.  Current r e s u l t s  f o r  P I  and P I 1  are given i n  

Tables XV and X V I  respec t ive ly .  

ARHPII Tolerances f o r  P I 1  are smaller than f o r  P I  because 

has a much weaker dependence on t h e  imprecisely known concentration 

than does AEpII , and a l s o  because the  P I 1  l i n e s  were usua l ly  s t ronger  

and narrower (less prone t o  e r r o r s  i n  background cor rec t ions)  than.were 

t h e  P I  l i n e s .  

PH3 

For relative A-values of s t rong  P I 1  l i n e s  wi th in  t h e  s a m e  

m u l t i p l e t s ,  accurac ies  should be only s l i g h t l y  i n f e r i o r  t o  t h e  corres- 

ponding values f o r  t h e  S I 1  l i n e s  s tud ied .  

5. Comparison of P I  and P I 1  r e s u l t s  with l i t e r a t u r e  values.  

Table X V I I  compares the  cur ren t  P I  and 

mationi!8 Relative P I 1  l i n e  s t r eng ths  

wi th  LS coupling p red ic t ions  i n  Table 

from LS coupling which g r e a t l y  exceed 

119 

P I 1  r e s u l t s  with Coulomb approxi- 

w i th in  mul t ip l e t s  are compared 

XXII.  There are frequent departures 

claimed experimental tolerances.  
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H. Trans i t ion  P robab i l i t i e s  f o r  Selected Vis ib le  Lines 

of 01, N e I ,  A R I I  and C R I  . 
1. Introduction. Trans i t ian  p r o b a b i l i t i e s  were obtained f o r  

19 l i n e s  o r  blended mul t ip l e t s  from t h e  spec t r a  of 

C R I  . For a l l  these  spec t r a  except A R I I  our r e s u l t s  emerged as usefu l  

01, N e I ,  A R I I  and 

by-products of s tud ie s  intended f o r  othe,r elements, with t h e  consequence 

t h a t  these  da t a  usua l ly  der ive  from two t o  e igh t  runs per  element. This 

is  not  t o  say t h a t  r e s u l t s  f o r  these  l i n e s  are necessar i ly  less accurate  

than our r e s u l t s  f o r  S I ,  S i I ,  P I ,  etc., f o r  i n  some cases j u s t  t h e  opposite 

is t r u e  -- however, a major por t ion  of assigned tolerances represents  t h e  

uncertainty i n  averages over very l imi ted  samplings. A l l  of these  t r a n s i t i o n s  

were measured i n  a p a r t i c u l a r l y  simple way, i.e. by thermally in sens i t i ve  

i n t e n s i t y  r a t i o s  t o  l i n e s  of well-known A-values, so they are not prone t o  

l a rge  systematic  e r ro r s .  

Roughly one ha l f  of our 0 1  t r a n s i t i o n s  have been measured 
26,120 

previously,  t o  claimed accuracies equivalent t o  those of t h e  current  study. 
107,111 

Our s i n g l e  C R I  l i n e ,  A4601 , has been measured i n  severa l  s tud ie s ,  of 

which Bengtson's can unquestionably claim accuracies superior  t o  our own. 
61 

No p r i o r  determinations are ava i l ab le  f o r  t h e  t e n  N e 1  l i n e s ,  t h e  A R I I  

l i n e ,  o r  f o r  one ha l f  of t h e  01 l i n e s  cur ren t ly  studied. 

Resul ts  f o r  01, N e I ,  A R I I  and C R I  are co l lec ted  i n  Table XVII 

together  with assorted comparison values  from t h e  l i t e r a t u r e .  

2. Trans i t ion  p r o b a b i l i t i e s  f o r  01 . On two occasions t h e  

shock tube w a s  f i r e d  using test gases of 2% 

of determining contamination concentrations of hydrogen added t o  our 

plasmas by impur i t ies  coming from t h e  shock tube w a l l s .  

O2 i n  neon, with t h e  object  

Temperatures 

w e r e  deduced from absolute  i n t e n s i t i e s  of N e 1  A5852 and from t h e  ha l f -  

width of HB , whose br ightness  (even as an impurity) w a s  adequate f o r  



Table X V I I I .  TRANSITION PROBABILITIES FOR 
01, &I, A L I I  AUD CLI  

experiment 

5436.1 3.2 * 15% 

approximation 

3.48 01 (11) 3 5P - 6 5 8  

(12) 3 5P 55D0 

(13) 3 5P - 75S0 

(14) 3 5~ - 6 5 ~ 0  

1.97 * 25% ? 
(1.85 * 25% S 5330.0 1.8 * a% 2.63 

5019.5 1.3 * 20% 

4968.1 .a* 25% 

4802.3 g.15 --- 
4773.3 c.01 --- 
6064.4 2.5 * 20% 

6217.3 9.9 * 25% 
6143.1 29.9 * 25% 
5944.8 ll.2 * 20% 
5881.9 12.7 * 20% 
6074.3 57.0 * 20% 
5400.6 1.4 * 20% 
6266.5 20.4 * 20% 
6163.6 19.1 * 20% 

6598.9 24.6 * 20% 
5852.5 75.6 * 15% 

--- 
e-- 

3 5P - 75D0 
3 3P - 63sO 

301' - 3p4 - 3 5  - 3p8 - 3P9 

3SZo - 3P6 - 3p10 
3S3O - 3p7 - 3P9 

3B4' - 3p9 - 3p10 
3pl - 461' - 4d20 - 4d50 

3pl - 5610 - 5a20 - 5d5' 

7.7 0 
21.6 1 
12.8 P 10.5 ? 

61.7 ? --- , 
22.3 P 

25.1 4 
71.9 t(l) 

16.0 P 

{ ;:: t 
4.0 4 

5343.3 

5330.8 
I- 

4704.4 t 1.1 * 25% 

4710.1 
4708.9 

4732.1 
4715.3 

5764.4 11.4 * 25% 

5037.8 3.8 * 3% 
5820.2 6.7 * 30% 
5562.8 2.4 * 25% 

1 
5656.7 5.4 * 30% 
4957.0 1.0 * ?p% 

3p2 - 663' - 6d8' 

3p2 - 4d3' 

3p2 - 5d3' 

3p3 - 4d40 

3p4 - 4690 
- 4610' 

3 4  - 5611' 

4.654 

2.254 

2.004 5145.0) 3.5 * 45% 5144.9 

5593.2 227. * 35% -- 
3.33 * 5% A 
4.21 * 3s * 
4.24 * 1S% * 4601.0 3.26 + 35% - 20% 

~~ 

'Two multiple8 blended; we give A = Z&A/Zg 

'Re, [U], 'Ref. [261, 'Ref. [lll], *Ref. [51], .kef. [ID71 . 
%el. [121] ; internurdiate coupling calculation, with estimclted reliability being 
typically 1.5 * 1.0 . 

(l)All IieI transitions meamured relative to  th i s  line. 
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t h i s  purpose. Taking t h e  average of T and TA% , together 

wi th  measured pressure ,  permitted us t o  deduce t h e  relative concentrations 

of H I  and 01 from t h e  r a t i o  of H t o  01 AX6157 i n t eg ra t ed  i n t e n s i t i e s ;  B 
t h e  A-values of t h i s  blended 

r e l i a b l y  t o  10%. 

neon 

01 mul t ip l e t  w e r e  regarded as known 

What is germane he re  is  t h a t  several blended 01 m u l t i p l e t s ,  

although much weaker than  01 Ah6157 , showed up with br ightness  q u i t e  

adequate f o r  good photographic recording. Because these  m u l t i p l e t s  have 

exc i ted  states l y i n g  wi th in  0;5  ev of 01 AA6157 , t h e i r  A-values measured 

relative t o  01 AA6157 are e s s e n t i a l l y  thermally in sens i t i ve .  This 

enabled us t o  e x p l o i t  s p e c t r a  from multiply r e f l e c t e d  shock regions i n  

addi t ion  t o  t h e  more homogeneous f i r s t  r e f l e c t e d  shock flows, s o  t h a t  a 

t o t a l  o f . f i v e  sets of d a t a  were gleaned from t h e  two shock tube f i r i n g e .  

A densitometer t r ac ing  covering 5300A < A < 62001 of a spectrogram 

from a multiply r e f l e c t e d  shock flow is given i n  Fig.67 . This t r ac ing  shows 

signal-to-noise r a t i o s  ( fo r  emission granular i ty)  more favorable t h a t  t he  typ ica l  

15% - 25% to le rances  of our 01 r e s u l t s  would ind ica t e .  However, t he  chief e r r o r  

source is not no i se  bu t  r a t h e r  i n t e r f e rence  from other  s p e c t r a l  f ea tu re s .  

The re ference  l i n e ,  01 AA6157, blends with 01 A6106, N e 1  A6163 and 

N e 1  AA5338.9 (as seen on t h e  t r ac ing ) .  There is  a l s o  a f a i r l y  se r ious  

blending between 01 AX5330 and N e 1  AA5338.9 , bu t  fo r tuna te ly  w e  know 

t h e  relative s t r eng th  of t h i s  neon mul t ip l e t  compared t o  nearby unblended 

neon f e a t u r e s  from our s t u d i e s  employing "pure" neon test gases, and s o  

can make blending co r rec t ions  f o r  

haps 5 10% . The t r a c i n g  a l s o  shows t h a t  01 AX5958 is " los t"  between 

t h e  wings of t h e  s t rong  Ne1 l i n e s  A5944 and A5975, while 01 A5512 and 

01 A5555 

01 AA5330.0 which are accura te  t o  per- 

are so weak as t o  be hard ly  d i s t ingu i shab le  from gra in .  
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INSTRUMENT PROFILE IS A 4 i  WIDE GAUSSIAN 
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Fig. 67: Densitometer Tracings, 53001 - 5600w , and 59001 - 62001 , 
for Multiply-Reflected Shock in 2% O2 + 98% Neon . 
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The b e t t e r  than 10% agreement between current  r e s u l t s  

NBS estimates (shown i n  Table XVII),for 01 AX5436 , 01 AA5330 

01 AX6046 is  w e l l  wi th in  t h e  tolerances assigned e i t h e r  set of 

13 
and 

and 

values. 

3. Trans i t ion  p r o b a b i l i t i e s  f o r  N e 1  . The s t rong red N e 1  

l i n e s  belonging t o  mul t ip l e t s  (11, (31, (5) and (6) are prominent fea tures  

of our spec t r a  when source temperatures exceed 11,000"K. 

N e 1  A5852 r e l a t i v e  t o  H t o  obtain the absolute A-value. The other  

neon l i n e s  w e  repor t  are measured r e l a t i v e  t o  X5852. 

s tud ie s  absolute  A-values f o r  these l i n e s  have been obtained by 

r ad ia t ive  decay methods. 

authors17 who use both r e l a t i v e  i n t e n s i t y  and hook methods t o  measure 

r e l a t i v e  A-values , i nd ica t e s  t ha t  t h e i r  combined r e s u l t s  should be. 

W e  measure 

B 

I n  previous 

38 The exce l len t  agreement between s e v e r a l  

r e l i a b l e  t o  a few per  cent .  

with l i t e r a t u r e  values.  

Table (XVIII) compares cur ren t  r e s u l t s  

No r e s u l t s  have been reported f o r  many of t h e  N e 1  

t r a n s i t i o n s  with 20-21 eV exci ted  states. We observe several of these  l i n e s  

i n  plasmas h o t t e r  than 12,O0O0K, some of which are i d e n t i f i e d  i n  the  

densitometer t rac ing ,  Fig. 68 ; t h i s  covers wavelengths 5200k < X < 60001 

f o r  a mult iply r e f l ec t ed  region (T 2 12,200'K) i n  a .11% (CH3)3 AR plus 

neon test gas. 

these  l i n e s  are i n  a t y p i c a l  laboratory plasma. 

S tark  widths may very w e l l  be  responsible  f o r  these  l i n e s  having been f o r  

so long neglected: 

This f igu re  gives  an impression of how s t r i k i n g l y  wide 

Their uncommonly l a rge  

% 
a t  T I: 12,000'K and N e  - 1017cmm3 they appear as . 

gen t l e  undulations on top of surrounding continuua. 

Figure 69 dep ic t s  a por t ion  of a drum camera spectrogram of a 

f i r s t  r e f l ec t ed  shock i n  pure neon. 

these  N e 1  

Here, t h e  unexpected s t rengths  of 

lines, as w e l l  as t h e i r  g rea t  widths,  are evident.  

As with 01 , our method here  is p a r t i c u l a r l y  simple - using 

t i m e  resolved photographic recording, t he  i n t e n s i t i e s  of var ious neon l l n e s  



262 

INSTRUMENT PROFILE IS A 4A WIDE GAUSSIAN 
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, (a comparison seldom spanning more than 

a t fons  .between A5975 and t h e  
--, 

d 2 e V  f o r  Ah5339 , A5764 , 

w e r e  compared t o  N e 1  A5975 

500x). Because t h e  exc i ted  

l i n e s  being s tudied  i s  only 

A5820 and 15657 , A-values measured relative t o  A5975 have only s l i g h t  thermal 

dependence. 

va lue ,  4 . 3 3 ~ 1 0  sec 

r e s u l t s  t he re fo re  conta in  t h i s  amount of uncer ta in ty  compounded with '6ur own 

13 
For t h e  t r a n s i t i o n  p robab i l i t y  ofA5975 w e  adopt t he  NBS recommended 

, whose accuracyt i s  estimated a t  "B-" i .e .  , 10% - 15%. 6 -1 Our 
' 1  

experimental e r r o r  due t o  both a paucity of d a t a  (most l i n e s  were measured 3- 

7 times) and t h e  d i f f i c u l t y  i n  assigning base l ines  t o  these  broad p r o f i l e s .  

4. Trans i t ion  p robab i l i t y  f o r  A R I I  15593.2. J u s t  p r i o r  t o  

breaking down our equipment, 

as a spec t roscopic  a d d i t i v e  with t h e  hope of measuring 

A R I I  t r a n s i t i o n  p r o b a b i l i t i e s .  Although no published experimental work 

w a s  ava i l ab le  f o r  A R I I  i n  t h e  v i s i b l e ,  f e a s i b i l i t y  estimates emplo 

Coulomb approximations ind ica ted  w e  should be  a b l e  t o  photographically 

a few runs were made using [CH3I3 AR 

17 

_. 
record a t  least  A R I I  A5593.2 . This t r a n s i t i o n  is  e a l l y  s u i t e d  f 

study by T I B  methods, as Fig. 16 shows, provided he  i n i t i a l  p a r t i a l  

p ressure  of [CH3I3AR is  known. A(TIB)AR = %(MA, + ARN AR ) i s  v i r t u a l l y  

fool-prooftt s ince  i t  involves only relative i n t e n s i t  

temperature e r r o r s  of + lOOO'K o r  -1000'K lead  t o  r e s u l t s  erroneous by only 

+ 7% and -l%, respec t ive ly .  

, .' 

surements , : while 

I C  

(These same temperature e r r o r s  would cause 

AE alone t o  be  erroneous by f a c t o r s  of 1 /5  and 5, respectively.)  

Our plans f o r  high accuracy were f o i l e d  by an a i r - leak  i n  t h e  

l i n e  admitt ing [CH3I3AR i n t o  t h e  system, d i s c  red only a f t e r  w e  had 

. .  

Tabulated t r a n s  i t  ion  of N e 1  A5852 and A6402 are estimated 
t o  b e  s l i g h t l y  more r 
d i r e c t  photographic c 

ttThat is, i f  one does not  worry about t 
from t h e  E 10% uncer ta in ty  i n  Amn of t h e  

too s t rong  t o  use f o r  

AR , uncer ta in ty  i n  A(T1B) 
reference l i n e .  
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developed our drum camera photographs f o r  t h r e e  runs and found they 

contained l i n e s  of 01 , but  none of A R I I  . The main l eak  source w a s  

then eliminated, bu t  t h e  neon remaining was enough f o r  only one add i t iona l  

run. 

The one run w e  d id  succeed i n  g e t t i n g  had th ree  d i s t i n c t  flow 

regions i n  approximately steady state. Figure 68 shows, as w e  o r i g i n a l l y  

an t i c ipa t ed ,  t h a t  A R I I  A5593 appears with a good br ightness .  I n  attempt- 

t o  be  g r e a t e r  than T or. T i n g  t o  reduce these  d a t a  w e  found T 

by several hundred degrees while T < T . I f  w e  disregarded 6 1% < Tneon 

these  d iscrepancies  and used T = %(Tneon + T + T + T ) t o  compute 

ARN (T,p) and ARHAR(T,p) , w e  cons i s t en t ly  found ARHAR'2  3 mNAR f o r  

a l l  t h r e e  flow regions.  

c lus ion ,  namely, t h a t  i n i t i a l  p a r t i a l  p ressure  of 

less than  assumed. 

aluminum sea led  e r r a t i c a l l y ,  making it  poss ib l e  f o r  i t  t o  have sealed dur- 

i ng  our helium l eak  checks and y e t  to 'have  passed a i r  when cracked open 

f o r  withdrawal of t r imethyl  aluminum. 

$ a neon 

a $ A% 

AR 

These discrepancies a l l  po in t  t o  t h e  same con- 

[CH3I3AR w a s  2-3 t i m e s  

The valve on the  l e c t u r e  b o t t l e  containing t h e  tr imethyl 

Without a r e l i a b l e  i n i t i a l  p a r t i a l  p ressure  of [CH3I3AR 

w e  could no t  use ARNAR and hence could not  form A(TIB)AI: = t(ARHAR+ MAR). 

:Vowever, t h e  t r a n s i t i o n  p robab i l i t y ,  ARHAR of A R I I  A5593 , is  only 

weakly dependent (at temperatures above l e v )  on t h e  absolu te  concentration 

of t r imethyl  aluminum, s i n c e  t h e  hydrogen t o  aluminum (ion) r e l a t i v e  con- 

cen t r a t ions  are set pr imar i ly  by t h e  s to ich iometr ic  r a t i o ,  9:l. 

of He- t o -  N e 1  A5975 

on temperature, s o  T 

absolu te  concentration of-hydrogen t o  - + 35% (and hence, t h e  absolu te  con- 

cen t r a t ions  of aluminum and carbon a l so )  from t h e  observed i n t e n s i t y  r a t i o  

The r a t i o  

exc i ted  state d e n s i t i e s  i s  not  c r i t i c a l l y  dependent 

is  good enough t o  allow us t o  deduce t h e  neon 
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and known A-value r a t i o  of H -to" N e 1  A5852. Consulting Fig. 16 w e  

see t h a t  a - + 15% temperature e r r o r  has no more than a 7 20% e f f e c t  on 

B 

W e  found ARHAR f o r  a l l  t h r e e  shock regions (spanning a 

temperature range of 800'K) agreed with each o the r  t o  15%. A s  a con t ro l ,  

w e  simultaneously measured C I  A5052 using t h e  ARHc method, noting 

t h a t  (cf.  Fig. 5 and Fig.16 ) 

These con t ro l  A-values grouped wi th in  15% of each o the r  f o r  a l l  t h ree  

shock reg ions ,  giving an  average A-value 12% higher than our adopted 

C I  A5052 A-value, 1.74x10 sec . 6 -1 

S t i l l ,  with only t h r e e  scans ava i l ab le ,  t h i s  procedure does not 

accura te ly  overdetermine t h e  state of our source. I n  view of t h e  paucity 

of d a t a  and the  uncer ta in ty  i n  t h e  aluminum impurity l e v e l s  (c f .  Chapter V I ) ,  

w e  a t t a c h  a 35% to le rance  t o  OUT r e s u l t s  f o r  A R I I  . 8 -1 5593, Amn = 2.35~10 sec 

5. Trans i t i on  p robab i l i t y  f o r  C R I  A4601 . Our ch lor ine  r e s u l t s  

are l imi t ed  t o  t h e  s i n g l e  l i n e  C R I  A4601 , and t h e  d a t a  f o r  t h i s  cons i s t s  

of t h a t  s i n g l e  run using 

graphic developing. For t h i s  one run, however, t h e  photographic p r o f i l e s  

of both HB and C R I  A4601 w e r e  well-defined and t h e  four  temperatures 

Ta ' TB ' TA4 and Tneon 

p robab i l i t y ,  which is  not  very thermally sensitive anyway, would be  accura te  

t o  - + 20% if 

SiHCR3 add i t ives  t h a t  survived mishaps i n  photo- 

agreed mutually t o  2%, s o  t h e  ARH t r a n s i t i o n  

* .  

A4601 d id  not f a l l  very c lose  t o  the  edge of t he  drum camera 

fi lm. Because t h e  amount of v igne t t i ng  a t  t h e  edge of t h e  f i l m  i s  only 
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6 -1 
approximately known, w e  be l i eve  our r e s u l t ,  3 .26  10 sec 

t o  

d$ t h e  €$#?&!e previous studied. 

, is  r e l i a b l e  

+35% 
-20% . This r e s u l t  agrees t o  b e t t e r  than 20% with t h e  average 

63-7 ,lhl 

E. Sta rk  Widths and S h i f t s  f o r  Neutral  Lines . 
1. Introduction. To ta l  S t a rk  widths and s h i f t s  w e r e  measured 

f o r  s i x t e e n  l i n e s  s e l e c t e d  from t h e  s p e c t r a  of C I  , 01 , N e 1  , S i 1  , 
PI  C R I  and A I  . Only t h e  width of C I  A5052 has any relevance t o  our 

main ob jec t ive  of securing A-values ; measured broadening parameters f o r  

t h i s  l i n e  were employed i n  ca l cu la t ing  wing co r rec t ions  f o r  t h e  slit- 

in t eg ra t ed  absolu te  i n t e n s i t i e s .  

among t h e  planned ob jec t ives  of our i nves t iga t ions ,  but emerged n a t u r a l l y  

when it  w a s  r e a l i z e d  t h a t  our photographic d a t a  contained a wealth of l i n e s  

t h a t  were observed t o  broaden and s h i f t  several 

Since densitometer t r a c i n g s ,  reduced t o  i n t e n s i t y  p r o f i l e s ,  were already 

on hand f o r  reduction of A-value da t a ,  l i n e  s h i f t s  and widths could be had 

e s s e n t i a l l y  by l ay ing  a r u l e r  along a s t r i p  chart recording. 

f o r  t h e  t i m e  being, t o  measure a l imi t ed  number of l i n e s  which exhib i ted  

t h e  most pronounced broadening and s h i f t i n g  f o r  a p a r t i c u l a r  spectrum and 

Broadening s t u d i e s  were not included 

, o r  even t ens  of 1 . 

We e lec t ed ,  

which had p r o f i l e s  t h e  least  complicated by i n t e r f e rence  with o the r  l i n e s  

o r  by low signal-to-noise r a t i o s .  
t With t h i s  l imi t ed  set of lines w e  should enjoy high accurac ies ,  

because reading e r r o r s  and e r r o r s  i n  instrumental  p r o f i l e s  w i l l  genera l ly  

be very s m a l l  relative t o  t h e  l a r g e  s h i f t s  and widths w e  observe. 

r e s u l t s  are t o  pose a more s t r i n g e n t  than usua l  test of G r i e m ' s  theory f o r  

I f  our 

.. 

+ W e  measure t h e  merged m u l t i p l e t  
achieve good accuracy (it is  too f a i n t )  because i t  is one of the few l i n e s  
where w e  can compare r e s u l t s  w i th  previous experiments. 

01 AX6046 i n  s p i t e  of t h e  f a c t  we cannot 



Stark broadening of l i g h t  n e u t r a l s ,  then our o v e r a l l  to le rances  must 

be  less than 20%, since t h i s  level of agreement between theory and 

experiment has  been amply demonstrated. 

appl ied  t o  s h i f t  measurements, s i n c e  even 20% accuracy results w i l l  make 

welcome addi t ions  t o  t h e  handful of previous determinations 

The same c r i t e r i o n  need not be 

122 
, 

The union of a conventional shock tube and time-resolved photo- 

graphic spectroscopy creates a system well-suited f o r  measuring l i n e  s h i f t s  

and widths as func t ions  of plasma e l e c t r o n  dens i ty .  

mul t ip le  r e f l e c t e d  shock regions,  temperatures t y p i c a l l y  increase 500°K 

t o  l O O O O K  (i.e. 5% t o  10%) while e l e c t r o n  d e n s i t i e s  t y p i c a l l y  increase  by 

f a c t o r s  of 1.8 t o  2.5, depending on test gases used. So on t h e  same piece 

of drum camera f i l m  a l ine  might be observed, say,  a t  N e  = and 

again a t  N e  = 9x10 

purposes, remains e s s e n t i a l l y  constant.  

conditions purposely t o  vary plasma temperatures f o r  our A-value s tud ie s ,  

Between t h e  f i r s t  and 

16 cm-3 , while t h e  temperature, f o r  l i n e  broadening 

Moreover, by s e l e c t i n g  i n i t i a l  

w e  o f t en  changed e l e c t r o n  d e n s i t i e s  between d i f f e r e n t  f i r s t  r e f l e c t e d  

shocks i n  the  same test gases by more than a f a c t o r  of two. 

then, w e  o f t en  recorded s p e c t r a  of an element over a range of 4 (o r  more) 

i n  e l e c t r o n  dens i ty  (as  can be seen from Fig. 44 and Table 11). 

Had it  been our i n t e n t i o n ,  t h i s  range of e l e c t r o n  d e n s i t i e s  could r ead i ly  

have been doubled. 

Altogether 

T i m e  resolved photographic recording of luminous multicomponent 

plasmas a l s o  provides, i n  a very simple and d i r e c t  way, means f o r  determin- 

i n g  both t h e  plasma e l e c t r o n  dens i ty  and t h e  absolu te  wavelengths a t  a 

number of po in t s  i n  t h e  emitted spec t r a ;  

H 

f o r  t h e  S ta rk  broadening of t h i s  l i n e  have been v e r i f i e d  to  5%. 

That is, any spectrogram containing 

conta ins  i t s  own record of e l e c t r o n  d e n s i t i e s  s ince  G r i e m ' s  p red ic t ions  B 
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Many ( f i r s t )  i on  l i n e s  and neon l i n e s  belonging t o  low-lying mul t ip le t s  

s h i f t  no more than 1/10 t o  1/100 as much as the  broad neu t r a l  l i n e s  being 

s tudied ,  and hence serve  as wavelength f i d u c i a r i e s  f o r  s h i f t  measurements. 

The s h i f t s  of t he  ions themselves can approximately be  taken i n t o  account 

when they are s i g n i f i c a n t .  Also,  t he re  are usua l ly  enough ion l i n e s  i n  the  

proximity of a broad n e u t r a l  t h a t  s h i f t s  can be determined r e l a t i v e  t o  

several of them and. intercompared f o r  consistency. 

9 and 70 provide p a r t i c u l a r l y  dramatic examples of 

how t h e  advantages of conventional shock tube sources mesh with t h e  

advantages of . t i m e  

duced and r e l i a b l e  i f t  and broadening da ta .  Figure 70 cons i s t s  of a 

time-resolved spectrogram of shock tube luminosity from a test gas of 2% O2 

i n  neon. Impurity l e v e l s  (from wall-borne contaminants) of hydrogen are 

s u f f i c i e n t  t o  give HB use fu l  photographic d e n s i t i e s  wi th in  most shock 

regimes shown; on 

d i f f i c u l t  t o  d i s t ingu i sh  the  H 

The s u b j e c t s  of study here  are t h e  merged 01 mul t ip l e t s  XA5436.1 and 

AX5329.9 . The narrow l i n e  between them i s  N e 1  A5400.46 of neon multi-  

p l e t  (3).  W e  use  t h i s  l ine  as the wavelength marker. 

solved photographic spectroscopy t o  y i e ld  e a s i l y  re- 

i n  t h e  la te  mul t ip le  r e f l ec t ed  regions does i t  become 

base l ine  from the  high continuum leve l s .  
B 

Both t h e  s h i f t i n g  and broadening of t he  01 l i n e s  as t i m e  

progresses is  immediately apparent t o  t h e  naked eye. 

scanning these  spectrograms with a densitometer of s l i t  height  extension 

511s i n  t h e  time d i r e c t i o n  w e  constructed t h e  width vs. s h i f t  curves f o r  

these  mul t ip l e t s  shown i n  Fig.  7 1  . 

By r e p e t i t i v e l y  

The p lo t t ed  poin ts  have been corrected 

' L o  
f o r  t h e  

sec t ion .  W e  ceased t o  ,scan when t h e  f u l l  halfwidth of AA5329.9 

reached 60.01 because f o r  la ter  t i m e s  ( g rea t e r  widths) t h e  f i l m  became so  

'L 2A separa t ion  of components' by methods discussed i n  the  next 
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dense as t o  s p o i l  t h e  relative i n t e n s i t y  c a l i b r a t i o n s .  

po in t s  shown, 13 f a l l  w i th in  2 10% of l i n e a r  sh i f t - to -width  r e l a t ionsh ips .  

Out of 16 d a t a  

Figure 69 i l l u s t r a t e s  another case where l a r g e  progressive 

broadening and s h i f t i n g  are observed i n  a s i n g l e  drum camera exposure: 

t h e  test gas is  pure neon (plus w a l l  impur i t ies ) .  The narrow unshifted 

l i n e  is  N e L  A5400.5 and t h e  many broad f ea tu res  t h a t  s h i f t  t o  t h e  red 

with t i m e  ( increasing e l e c t r o n  dens i ty)  are t h e  highly exc i ted  N e 1  

l i n e s  l i s t e d  i n  Table 

2. Method. Data f o r  C I  A5052 , S I  Ah4695 , and AR A6752 

were recorded using t h e  (nominalJ 11 entrance  sl i ts  whose instrument p r o f i l e  

i s  given i n  Fig. 72 : a l l  o t h e r  n e u t r a l  l i n e  broadening was s tudied  w i t h  

wider s l i ts  producing a Gaussian instrument p r o f i l e  of f u l l  halfwidth 4 . 0 i  . 
For t h e  l i n e s  l i s t e d  i n  Table IXX halfwidth d a t a  w e r e  co l lec ted  from shock 

regions where e l e c t r o n  d e n s i t i e s  gave r a t i o s  of l i n e  width t o  instrument 

width between 1 and 10; t h e  majority of d a t a  was taken with t h i s  r a t i o  

of order  4 .  

To unscramble t h e  instrumental  widths from t h e  t r u e  l i n e  ha l f -  

widths, w e  used tabula ted  so lu t ions  of t h e  convolution i n t e g r a l e q n -  1141. 

Knowing t h e  instrument ha l fwid th ,  t hese  so lu t ions  can be  applied i n  a 

s t ra ight forward  way t o  i s o l a t e d  l i n e s ,  bu t  complications arise f o r  merged 

mul t ip l e t s  with s i g n i f i c a n t  wavelength separa t ions  between components. 

I n  t h e  present  work t h i s  complication is  se r ious  only f o r  t h e  mul t ip l e t  

S I  AA4695 , where t h e  2 . d  spread of t h e  th ree  l i n e s  comprising t h e  

m u l t i p l e t  is  not s m a l l  compared t o  t h e  3 i  t o  6 i  widths f o r  t h e  merged 

mul t ip l e t .  

components amounts t o  only one-fourth t o  one-tenth of t h e  merged mul t ip l e t  

f u l l  halfwidths,  and is more e a s i l y  corrected f o r .  

For o t h e r  merged mul t ip l e t& '  t h e  spread between ( the  extreme) 

To treat S I  AX4695 
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w e  assume t h e  t h r e e  blended l i n e s  comprising the  m u l t i p l e t  broaden 

equal ly ,  and t h a t  t h e i r  relative s t r eng ths  are governed by LS coupling. 

Using these  assumptions t o  graphica l ly  combine th ree  Lorentzian p r o f i l e s  

of equal  width, known separa t ion ,  and known relative peak he igh t s ,  w e  

e s t a b l i s h  t h e  r e l a t i o n s h i p  between the  blended mul t ip l e t  halfwidth and t h e  

halfwidths of i t s  members. Separation of t h e  m u l t i p l e t s  members changes 

t h e  blended p r o f i l d s  shape, as w e l l  as i t s  width, by increas ing  t h e  Gaussian 

f r a c t i o n ,  so  a f u r t h e r  co r rec t ion  is  necessary t o  d a t a  which w a s  rou t ine ly  

reduced on the  assumption t h a t  t he  only Gaussian component' i n  t h e  observed 

p r o f i l e s  w a s  t h e  .67A con t r ibu t ion  from t h e  instrument p r o f i l e .  There- 

f o r e  a second curve w a s  constructed g iv ing  t h e  mul t ip l e t  halfwidth, as i t  

would appear a f t e r  s l i t  unscrambling,as a func t ion  of t h e  Stark halfwidth 

of its component members. 

p red ic ted  values f o r  impact and ion  broadening parameters t o  c a l c u l a t e  

( t o t a l )  S ta rk  halfwidths as a func t ions  of e l e c t r o n  dens i ty  and then 

applied t h e  appropr ia te  s l i t  co r rec t ions ,  producing t h e  dashed curve i n  

Fig. 73 

0 

For comparison with theory w e  used G r i e m ' s  

which is compatible with t h e  s l i t -unfo lded  d a t a  poin ts .  

The s h i f t  of S I  AX4695 w a s  measured using S I 1  X4716.22 as 

a wavelength f iduc iary .  Bridges' value f o r  t he  observed width ( t h i s  i on  

l i n e  was  too f a i n t  t o  give us p r o f i l e s  r e l i a b l e  enough f o r  halfwidth 

measurements) w a s  used t o  scale G r i e m ' s  p r ed ic t ion  f o r  t he  s h i f t  of t h i s  

i on  l i n e .  Because A4716 i s  q u i t e  broad f o r  an ion ,  e r r o r  i n  i t s  

ca l cu la t ed  s h i f t  might be  as g r e a t  as .3A , an e r r o r  t h a t  can pass d i r e c t l y  

i n t o  t h e  measured s h i f t  of S I  AA4695 . Unfortunately, no o ther  S I 1  

lines w e r e  a v a i l a b l e  as f i d u c i a r i e s  i n ' t h i s  wavelength region and our 

0 

'Doppler broadening is completely n e g l i g i b l e  compared t o  S tark  broadening 
f o r  t hese  neu t r a l s .  
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densitometer, with i t s  bra ided-wire  d r ive ,  cannot b e  r e l i e d  upon t o  

maintain constant scanning speed t o  b e t t e r  than .3%; t he re fo re  w e  could 
0 

not  use narrow SI1 l i n e s  a t  5400A as wavelength f i d u c i a r i e s .  

For o the r  merged m u l t i p l e t s  t h e  reduction of p r o f i l e s  w a s  much 

simpler because t h e  widths of t h e  blended mul t ip l e t s  w e r e  4 t o  10 t i m e s  

g r e a t e r  than t h e  spread between t h e  mul t ip l e t s '  members, as w e  have 

s a i d ,  bu t  equal ly  as important, because wide slits producing 41 wide 

Gaussian p r o f i l e s  were used. 

s t r e n g t h  and are more o r  less equally spaced wi th in  a t o t a l  2 1  spread, 

and each of them has  a d i spe r s ion  p r o f i l e  much wider than 2A , t h e  n e t  

That is ,  i f  t h ree  l i n e s  have comparable 

0 

e f f e c t  of t h e i r  2 1  sepa ra t ion  upon t h e  blended p r o f i l e  can be  approximated 

by adding a 2 1  

member a t  t h e  cen te r  of grav i ty .  

of t h e  instrument p r o f i l e  is t w i c e  as g r e a t  a t  

of t h e  convoluted ( t r u e  + instrument) p r o f i l e ,  B3 , i s  l i t t l e  influenced 

Gaussian component, B1 , t o  a s i n g l e  imaginary mul t ip l e t  
0 

Since t h e  4A Gaussian component, B2 , 

B1 , t h e  Gaussian component 

64. by B1 because 

So t h e  wide s l i t  has  a g r e a t e r  in f luence  on t h e  observed p r o f i l e s  than 

does t h e  separa t ion  between the mul t ip l e t s '  members. The value of B3 

w a s  computed f o r  each of t h e  d i f f e r e n t  blended m u l t i p l e t s  even though it  

d i f f e r e d  from 2 . U  by only a few pe r  cent  i n  a l l  cases studied. 
0 

Electron d e n s i t i e s  f o r  each densitometer scan ( 5 ~ s  time in tegra ted  

photographic record) were obtained from'the halfwidth of H B , with t h e  

exception of t h e  d a t a  f o r '  AI A6752.8, where t h e  halfwidth of 

ins tead .  Here 

impurity concentrations.  

Ha w a s  used 

Ha w a s  o p t i c a l l y  t h i n  because hydrogen w a s  present a t  low 
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The wavelength standard f o r  t h e  s h i f t  measurements of N e 1  A5764.4 

and N e 1  h5820.1 w a s  N e 1  h5852.5 ; f o r  S i 1  X5848.5 and 01 hX6046.4 

t h e  standard w a s  N e 1  h5975.5 ; while 01 AX6157.3 and A I  X6752.8 r e l y  

on N e 1  A6143 and N e 1  X6698.9 , respec t ive ly .  The (small) s h i f t s  of 

t h e  neon f iduc ia ry  l i n e s  were ca lcu la ted  from G r i e m ' s  t a b l e s  . 7 

The g r e a t  major i ty  of width and s h i f t  measurements were performed 

16 -3 a t  plasma d e n s i t i e s  between and 8x10 cm . 
3. Results.  S ta rk  s h i f t s  and widths f o r  s i x t e e n  l i n e s  (or  

blended mul t ip l e t s )  are given i n  Table I X X  together with values predicted 
7 

by G r i e m ' s  theory and with whatever previous experimental values are 

ava i lab le .  Tolerances are 80% confidence l i m i t s ,  usua l ly  1.29 , w i t h  

CI and n t h e  standard devia t ion  and number of runs f o r  a set of da ta .  

I n  a few ins tances  t h e  c i t e d  to le rances  are l a r g e r  than t h i s  t o  account f o r  

t h e  p o s s i b i l i t y  t h a t  w e  might repeatedly mis in t e rp re t  p r o f i l e s  because of 

s m a l l  i n t e r f e rences .  We d id  not check t h e  major i ty  of t h e  sl i t-unfolded 

p r o f i l e s  t o  see i f  they conformed t o  d ispers ion  p r o f i l e s  i n  t h e  wings. 

Two sources of systematic e r r o r  can e n t e r  our r e s u l t s  and both 

might cause s l i g h t  overestimates of l i n e  halfwidths.  Both p o t e n t i a l  e r r o r s  

can be  commited during t h e  densitometer scanning of time-resolved spectro- 

grams. I f  t h e r e  is anything less than pe r fec t  alignment between t h e  

densitometer slits and t h e  l i n e s  being scanned t h e  r e s u l t i n g  skewness 

r e g i s t e r s  as spurious broadening. 

provides a 15X magnified image of i t s  slits superimposed on t h e  spectrogram, 

it i s  poss ib l e  t o  cons i s t en t ly  a l i g n  t h e  slits, of .5 mm he igh t ,  t o  wi th in  

30' of arc. 

t h e  spurious broadening from s l i t  misalignment seldom exceeds .OS1 . 

Because t h e  Jaco 62310 densitometer 

Since r ec ip roca l  d i spers ion  of t h e  spectrograms is Z O ~ / m m  , 
It is  

the re fo re  a l toge the r  n e g l i g i b l e  f o r  our n e u t r a l  l i n e s  w i t h  t h e  poss ib le  
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exception of t h e  most narrow ones, CI A5052 , and CIA5380 . The 

second source of e r r o r  arises because t h e  f i n i t e  densitometer s l i t  he ight  

has extension i n  t h e  t i m e  d i r e c t i o n  of t h e  spectrograms and the re fo re  mixes 

s h i f t s  with widths i f  plasma conditions vary wi th in  t h e  s l i t - i n t e g r a t e d  

sampling t i m e  ( t y p i c a l l y  6 ~ s ) .  Because t h e  red s h i f t s  are numerically 

about one h a l f  as g r e a t  as f u l l  halfwidths,  and because e l e c t r o n  d e n s i t i e s  

w i th in  a given flow region usua l ly  do no t  i nc rease  more than 2% i n  6,s , 
we estimate t h e  spurious inc rease  i n  our halfwidths t o  be not  more than 2%. 

Turning t o  some p a r t i c u l a r  r e s u l t s  of Table I=, w e  re-emphasize 

t h a t  01 AX6046.4 i s  by f a r  our least accura te  r e s u l t .  Because of i t s  

f a i n t n e s s  t h i s  blended mul t ip l e t  could be discriminated above g r a i n  only la te  

i n  t h e  mul t ip ly  r e f l e c t e d  reg ion  of a s i n g l e  experimental run where 

so d i f fuse , ( and  background levels s o  h igh)  t h a t  e l e c t r o n  dens i ty  could be 

determined wi th  no more than 20% - 25% accuracy. 

inc luding  t h i s  r e s u l t  of sub-standard accuracy w a s  t o  ge t  a comparison 

aga ins t  one of t h e  f e w  published s h i f t  and width measurements. 

Hg w a s  

Again, our motive f o r  

It should be 

noted t h a t  although t h e  cu r ren t  va lues  f o r  s h i f t  width are 20% below those 
123 

of Wiese and Murphy, w e  agree t o  wi th in  3% on t h e  r a t i o  of sh i f t /w id th .  

Resul t s  f o r  t h e  o the r  t h r e e  blended 01 m u l t i p l e t s  l i s t e d  

should b e  more accura te  because these  mul t ip l e t s  have a t  least t e n  t i m e s  

t h e  b r igh tness  of M6046.4 , and the re fo re  could be  measured over wide 

ranges of temperatures (and, correspondingly, e l e c t r o n  d e n s i t i e s ) ,  including 

several where t h e  H p r o f i l e  could be very c l e a r l y  de l inea ted .  So e l ec t ron  

d e n s i t i e s  are much more f i rmly  e s t ab l i shed  than f o r  xX6046.4 . 
f3 

The to le rances  f o r  t h e  Stark'widths of CI A5052 , CI A5380 
and S I  AX4695 are felt  t o  be  realistic even though these  f e a t u r e s  are 

the  narrowest (neut ra l )  ones measured, and t h e  l i n e s  were o f t e n  so f a i a t  
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that grain made the profiles quite ragged (cf. Fig. 47 ). The data 

for CI A5052 and SI AX4695 shown in Figs. 74 and 73 , respectively, 
display the 10% - 20% scatter we expect on the basis of photographic 
signal-to-noise ratios discussed in Section B-7 of Chapter VI 

the large number of data, and the wide range of electron densities covered, 

that allows us to extract a precise average value- 

CI A5052 are (relatively) more accurate than for SI AX4695 because the 

wavelength reference (SI1 X5032.4) for CI A5052 was available 

. It is 

Measured shifts for 

on more runs, and is expected to shift less, than SI1 4716.2 , the reference 
line for SI AX4695 . 

Results for PI AX5515.9 have a relatively large tolerance to 
t cover possible errors from interference The blended multiplet PI XA5515.9 

116 
is composed of the three lines (using Martin's designations): 

4 

4 

4 

X5515.00 , 3p 4P1% - 4f 2Dy , Intensity = 10 

X5514.79 3p 4P1% - 4f 4D2% , Intensity = 60 

X5517.01 , 3p 4P1+ - 4f 4D3% , Intensity = 80 . 

Since the upper state of the LS coupling-forbidden line XA5515.0 is 

2D , 
are 'D 

However, the LS coupling-allowed lines comprise more than 90% of the 

it is influenced by a different set of dipole-allowed perturbers than 

excited states of the two other lines composing this merged feature. 

AX5515.9 total intensity so it is their widths and shifts we are measuring 

in spite of the slight interference from PI XX5515.0 . 
For all results the ratios of"shifts to widths should be as accurate 

as the shifts themselves,.since the line widths were generally determined with 

'The several other PI lines we observed all had more serious interference, 
usually from PI1 lines. 
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prec i s ion  not less than 2/3 t h e  p rec i s ion  of t he  H halfwidth,  i .e. 

t h e  l i n e  widths had p rec i s ions  comparable with t h e  measured e l e c t r o n  

f3 

2/ 3 d e n s i t i e s  s i n c e  N e  a(AkHs) 

For s i x t e e n  of t h e  lines s tud ied  G r i e m  has tabula ted  impact 

and ion  broadening parameters. The t o t a l  S t a rk  widths ca lcu la ted  with 

these  parameters agree with our  r e s u l t s  i n  a l l  cases t o  20% o r  b e t t e r ,  

while eleven of t h e  s i x t e e n  r e s u l t s  agree with theory t o  wi th in  5%. 

The average r a t i o  of experimental t o  pred ic ted  widths f o r  t he  s ix t een  

l i n e s  i s  0.996.  Except f o r  C I  A5380 and C I  A4932 , experiment and 

theory agree w e l l  wi th in  experimental to le rances  of 5% - 20%. C I  A4932 

has  a p a r t i c u l a r l y  l a r g e  tolerance because t h i s  l i n e  i s  si ' tuated on 

t h e  wing of 

p r o f i l e .  

which makes i t  d i f f i c u l t  t o  f i n d  t h e  base l ine  of i t s  
*B 

The observed s h i f t s  do not agree with theory near ly  as w e l l  as do 
124 

t h e  widths. 

s h i f t s  should be of order 10% of t h e  ca l cu la t ed  f u l l  halfwidths.  The 

According t o  G r i e m  and Shen t h e  u n c e r t a i n t i e s  i n  t h e  ca lcu la ted  

g r e a t e s t  discrepancy between our measured s h i f t s  and G r i e m ' s  t h e o r e t i c a l  

p red ic t ions  occurs f o r  C I  A5380 . With t h e  exception of t h i s  l i n e ,  our 

r e s u l t s  agree with pred ic ted  s h i f t s  t o  wi th in  j o i n t  unce r t a in t i e s .  

With respec t  t o  previous experiments: our widths and s h i f t s  

f o r  both S I  M4695.1 and S I  xX5279 agree with Bridge's r e s u l t s  t o  

wi th in  e i t h e r  of our claimed to le rances .  

J. Sta rk  Broadening of Ion Lines. 

1. Introduction. S t a rk  broadening w a s  measured f o r  l i n e s  of S I I ,  
I .  

S i I I ,  A R I I  and P I I .  

wider than t h e  l i n e s  of i n t e r e s t ,  so accurac ies  are not high. 

t h e  experiments w e r e  performed w e  had no i n t e n t i o n  of measuring p r o f i l e s  of 

Data were taken with instrument p r o f i l e s  several t i m e s  

A t  t h e  t i m e  



283 

of narrow l i n e s ,  but r a t h e r  concentrated on taking whatever expedients would 

optimize our r e s u l t s  f o r  t r a n s i t i o n  p robab i l i t i e s .  

employed t o  give good emulsion d e n s i t i e s  t o  t h e  in tegra ted  l i n e  i n t e n s i t i e s .  

Hence, wide sl i ts  were 

W e  were prompted t o  t r y  t o  salvage some ion  broadening information 

from our da t a  by r epor t s  from seve ra l  l abora t6r ie i25hat  t h e  then current  theory 

f o r  S ta rk  broadening of ions underestimated observed widths by f a c t o r s  of 2 

t o  10. So i t  appeared, i n  l i g h t  of t h e  paucity of prec ise  ion  broadening s tud ie s ,  

t h a t  r e s u l t s  of no b e t t e r  than, say 20% - 60% accuracy, could s t i l l  serve  as 

bases f o r  s i g n i f i c a n t  comparison with theory. W e  w e r e  ab le  i n  some cases t o  

obta in  accuracies  of t h i s  order  because of a r e l a t i v e l y  l a rge  number of d a t a  a t  

our d isposa l ,  t h e  high e l ec t ron  d e n s i t i e s  of our plasmas, and t h e  f a c t  t h a t  

narrow neu t r a l  l i n e s ,  (i.e. neon l i n e s  of mul t ip l e t s  #l, i"3, 86), could of ten  

be simultaneously measured as cont ro ls .  

With regard t o  the  qua l i t y ,  our r e s u l t s  divide i n t o  two d i s t i n c t  

groups: ' the  r e s u l t s  f o r  

wide sl i ts ,  a t  e l ec t ron  d e n s i t i e s  between 5~1O'~cm-~ and 11x10 

wards.of 30 d i f f e r e n t  runs were ava i lab le .  These r e s u l t s  are considerably 

more accurate  than our r e s u l t s  f o r  S ta rk  broadening i n  S i I I ,  A R I I  o r  P I 1  

which were obtained using 41 slits, with e l ec t ron  d e n s i t i e s  between 3x10 

and 6x10 c m  , and f o r  which only 3 t o  1 2  d i f f e r e n t  runs are ava i lab le .  

S I 1  S ta rk  broadening were obtained using 11 (nominal) 

16 -3 cm , and up- 

16 -3 cm 

16 -3 t 

One apparent anomaly has been observed i n  t h i s  work. The broadening 

of A R I I  A5593.2 i s  at least a f a c t o r  of 8 less than predicted by current  

theory taking i n t o  account e f f e c t s  of s t rong  co l l i s ion% and a f a c t o r  of 8 

less than G r i e m ' s  o lde r  theory. 

2. Method. When instrumept p r o f i l e s  are seve ra l  t i m e s  wider 
I * *  

than l i n e  p r o f i l e s ,  broadening measurements involve the  inaccuracy of a 

tFor purposes of studying broadening a "run" cons i s t s  of t he  scan from a 
steady state flow region--so a t i m e  resolved spectrogram from a s ing le  
f i r i n g  of t h e  shock tube might provide 2 o r  even 3 runs. 
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a d i f fe rence  measurement. That is, i f  both t h e  l i n e  and instrument 

p r o f i l e s  w e r e  s t r i c t l y  Lorentzian,  with halfwidths wR and w 
0 ,  

respec t ive ly ,  t h e  halfwidth wtot of t h e  observed p r o f i l e  would be 

R *  W = w  + w  t o t  0 

can be measured with an accuracy of w , then t h e  r e l a t i v e  If W t o t  t o t  

e r r o r  i n  w , assuming t h e  instrumental  width is  known pe r fec t ly ,  is: R 

AW 

w - w  R t o t  0 

t o t  
- 3 1  

W 

= 4.3; and wo = 4.0g , t he  r e l a t i v e  e r r o r  ' W t o t  
so if Awtot = .2Ao 

i n  l i n e  width would be 67%. 

When t h e  instrument p r o f i l e  i s  a 4.01 wide Gaussian, t h e  error 

propagated i n t o  wR 

example. I f  one p l o t s  t h e  Lorentzian f r a c t i o n ,  f R  aga ins t  t he  Gaussian 

f r ac t ion ,  f , f o r  t h e  Voigt p r o f i l e ,  i t  is found t h a t  

is a c t u a l l y  a b i t  worse than indicated by t h e  above 

g 

af 

af  R 
3 2 - 2  i n  t h e  

t l i m i t  Rf + 0 . Since t h e  l i n e  p r o f i l e  is e s s e n t i a l l y  Lorentzian , w e  have: 

w = f  w R R t o t  
. I  

'Doppler broadening does g ive  ion ic  l i n e  p r o f i l e s  a s i g n i f i c a n t  Gaussian 
component--however, when the Gaussian instrument width is 10 t i m e s  g rea t e r  
than t h i s  component, t he  Gaussian component of t h e  Voigt p r o f i l e  is increased 
only 1%. 
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s o  t h a t  

Af + f Awtot = W t o t  R R 

W 

w 
0 

+ f R  AWtot 
af  R 

A W ~  = W t o t  af  
- 

t o t  g 

Assuming wo = 4 .0 i  w t o t  = 4 . 3 i  and Awtot = . 2 i  , then: 

f R  = .13 eg = .93 

and 

s o  t h a t  

So with a reading e r r o r  of ,211 

Stark  broadening t o  71% prec is ion ,  o r  a .31 Stark  broadening ' to  only a 

and using 4 i  slits w e  can measure a . 5 6 i  

f a c t o r  of 2 prec is ion ,  i.e., - = 1.3 . I f  s i x  determinations are made, 
WR 

then t h e  average broadening w i l l  be uncertain,  from reading e r r o r s  alone, 

by 29% f o r  a . 5 6 i  broadening and by 53% f o r  a . 3 i  broadening. 

from random e r r o r  i n  t h e  simultaneous e l ec t ron  dens i ty  determinations is 

neg l ig ib l e  compared t o  these  e r r o r s .  

The s c a t t e r  
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Of course, t h e r e  is  a l s o  ample opportunity t o  make systematic 

e r r o r s ;  because of t h e  l a r g e  astigmatism and l a r g e  ape r tu re  of t h e  Jaco 

#75,000 spectrograph, t h e  pos i t ion ing  of f i l m  i n  t h e  f o c a l  plane of t h e  

drum camera i s  very cri t ical ,  s o  t h a t  a s l i g h t  mechanical per turba t ion  

might e a s i l y  change t h e  instrument p r o f i l e .  To guard aga ins t  t h i s  possi-  

b i l i t y  w e  measured Stark  widths of narrow n e u t r a l  neon l i n e s  i n  t h e  plasma 

as cont ro ls .  Comparing these  widths wi th  G r i e m ' s  p red ic ted  values,  which 

we assume t o  be  r e l i a b l e  t o  20% w e  confirmed our 2 - p r i o r i  es t imates ,of  

scatter (based on a .2i prec i s ion  i n  reading t h e  densitometer p r o f i l e s )  and 

could d e t e c t  no systematic d i screpancies  t o  wi th in  t h e  20% s ign i f i cance  of 

our statist ics.  

slits must t he re fo re  average t o  less than . l A  . 
Any spurious broadening from misalignment of densitometer 

0 

The method used t o  measure t h e  S tark  width of A R I I  A5593.2 

departed somewhat from t h a t  employed on Si11 and PI1  l i n e s .  Only th ree  

scans were ava i l ab le ,  one i n  t h e  f i r s t  r e f l e c t e d  shock region and t h e  o the r  

two i n  mul t ip ly  r e f l e c t e d  shock regions of t h e  same experimental run. 

However these  scans contained, i n  addi t ion  t o  A R I I  A5593 , both N e 1  X5400.5 

and C I  X5380.2 . The Stark  width of A5400.5 is  predicted by t h e  n e u t r a l  

broadening theory of Griem,and t h e  broadening of 
7 

X5380.2 i s  known from 

our own previous measurements. These t h r e e  l ines  appear i n  Fig. 68 . 
A l l  t h r e e  l i n e s  have nea r ly  t h e  same emulsion d e n s i t i e s  and l i e  c l o s e  

enough toge ther  i n  waveiength so t h a t  t h e r e  is  l i t t l e  chance f o r  making 

photometric e r r o r s  i n  comparing t h e i r  relative i n t e n s i t y  p r o f i l e s .  

t h e  scans f o r  a l l  t h r e e  shock regions,  

On 

A R I I  X5593.2 i s  broader than 

N e 1  A5400.5 and narrower than C I  5380.2 Hence, without, even knowing 

t h e  instrument p r o f i l e  o r - t h e  plasma e l e c t r o n  dens i ty ,  w e  can say t h e  t o t a l  

S t a rk  broadening parameter f o r  t h i s  i o n i c  l i n e  lies between 2.33~10-~ and 



287 

0 

0 

0 

0 .  

e e 

0 

O /  

=/ 

Value 

/ 
/ o  0 

I I I I I I I I I I I 
0 2 4 6 8 10 12 

Electron density, cmo3 

. .  
Fig. 75: (Full) Halfwidth of SI1 A5453 Measured as a Function of 

Electron Density. 



288 

1.21~10-' . 
halfwidth t o  wi th in  - + 20% of i t s  accura te ly  measured va lue  and deduce 

t h e  halfwidth of N e 1  X5400.5 t o  be l i eve  our r e s u l t  f o r  t h e  t o t a l  A R I I  

broadening parameter is  r e l i a b l e  t o  35%. 

I n  a l l  t h r e e  scans we  cons i s t en t ly  obtained t h e  C I  X5380.2 

0 0 
Because 1 A  wide, r a t h e r  than 4A wide, slits w e r e  used t o  take  

S I1  d a t a  f o r  

Assuming w 

Gaussian component of dur nominal fi instrument p r o f i l e  and w 

as t h e  Lorentzian component of our instrument p r o f i l e .  

i n  t h e  measured S ta rk  width, w is: 

broadening, we  expect t hese  r e s u l t s  t o  b e  more prec ise .  

= .I.& , we now t ake  w = 1.5& , and wo = .67L as t h e  t o t  t o t  

= ,8061 
0 

The r e l a t i v e  e r r o r  

R '  

A(fR'(Wtot - wo)) ~ 

R' (Wtot  - wo> 
- 3 6 %  . R AW 

- =  
W R 

Figure 75 shows our d a t a  f o r  t h e  S tark  widths of S I  5253 as 

func t ions  of e l e c t r o n  dens i ty .  S c a t t e r  i s  about 35%, i n  accordance with 

t h e  above a p r i o r i  estimate of prec is ion .  For t h e  S I 1  da t a  runs we a l s o  

measured t h e  S tark  widths of narrow N e 1  l i n e s  i n  t h e  ha l f  dozen cases 

where wavelengths were recorded above A58521 and t h e  l i n e s  of N e 1  

m u l t i p l e t s  (1) and (6) d i d  not have excessively high d e n s i t i e s  on our 

emulsions. The average of t hese  determinations gave a t o t a l  broadening 

parameter f o r  N e 1  A5852 

t h e  s ign i f i cance  of t h i s  average w a s  l imi t ed  t o  2 1 5 %  because of l a r g e  

t h a t  w a s  10% below G r i e m ' s  p red ic ted  va lue ,  but 

scatter. 

3. Results and discussion. 'Current r e s u l t s  f o r  S ta rk  broadening 

of 

and t h e o r e t i c a l  p red ic t ions  of several authors.  

S I 1  are given i n  Table XX , along with t h e  r e s u l t s  of Bridges and Wiese 
7,52-54 

Results f o r  A R I I  , Si11 
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and PI1 are 

Griem's older 
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presented in Table XXI, along with predictions from 

theory and his current "semi-empirical" formulation. 
7 52 

To include in these tables the predictions from the older 

theory is perhaps unnecessary, since it is now recognized that the semi- 

classical approach, that works well for moderately excited neutral lines, 

is inadequate to cope with lines of (first) ions where separations between 

levels are generally far greater (density of states are far less) than 

with neutrals, and where the ionic Coulomb field accelates perturbing 

charges. However, we include these older predictions as an aid for those 

wishing to scale the current results (for both A-values and halfwidths) 

into existing astrophysical curves of growth that were constructed with 

the aid of these older broadening predictions. 

Table XX shows the current results for SI1 widths which are 

generally less than those of Bridges and Wiese by an additive factor of 

approximately . 0 9 i  . 
estimates. We also agree qualitatively on two points. First, the width 

of X4815.5 of multiplet (9) is anomalously large with respect to current 

theories: taken together with our joint findings that the relative 

strength for this line does not seem to favor either 

coupling, this tends to support Bridges' suggestion of a misclassification 

for this multiplet. The second point of qualitative agreement is that the 

different members of multiplet ( 6 )  have widths differing by as much as .OS; 

(excluding A5564.9 , which Bridges did not measure). Since .08i is within 

the tolerance in either set of results, this difference in widths within the 

multiplet might easily be dismissed as scatter were it not for the fact that 

both experiments find the'same pattern for relative widths within the multiplet. 

Adding .OS1 

This is well inside the overlap of our joint tolerance 

LS or intermediate 

to the current results for this multiplet brings them into nearly 
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p e r f e c t  coincidence with Bridges' r e s u l t s .  I f  t hese  apparent ,081 

d i f f e rences  between widths of l i n e s  i n  mul t ip l e t  (6) are real, then 
52 

they are more than  a f a c t o r  of 3 l a r g e r  than expected from t h e  small 

energy sepa ra t ion  between exc i ted  states of t h e  mul t ip l e t .  

W e  l i s t  t h r e e  sets of pred ic ted  widths f o r  t h e  S I 1  l i n e s :  

i n  accordance with t h e  these  were ca l cu la t ed  by Davis and Roberts 54 

t h e o r e t i c a l  treatments of G r i e m  , Cooper and Oerte153 , and Davis and 

Roberts . While a l l  t h r e e  of t hese  treatments have been more successfu l  

than t h e  earlier ca l cu la t ions  of G r i e m  (1964), (based on t h e  1962 theory of 

53 

54 

G r i e m ,  Baranger, Kolb and Shen) i n  es t imat ing  widths of i s o l a t e d  i o n  

l i n e s  

c o l l i s i o n s  are respons ib le  f o r  most of t h e  broadening. 

, t h e  t h r e e  t h e o r i e s  d i sagree  as t o  whether elastic o r  i n e l a s t i c  7 

52 G r i e m  uses t h e  Born approximation t o  treat i n e l a s t i c  c o l l i s i o n s ;  

t o  treat elastic c o l l i s i o n s  he  adopts semi-empirical Gaunt f a c t o r s  t o  extra- 

p o l a t e  i n e l a s t i c  e x c i t a t i o n  c ross  sec t ions  t o  below threshold energies.  

I n  t h i s  treatment i n e l a s t i c  coTl i s ions  w i l l  dominate t h e  broadening f o r  t h e  

l i n e s  of 

perturbed states is t y p i c a l l y  more t h a t  1 eV: however, f o r  some of t h e  

lines we  study, energy sepa ra t ions  are less than 

S I 1  w e  study because t h e  energy separa t ions  between perturbing and 

PI1  

0.1 e V  and elastic 

c o l l i s i o n s  may dominate. 

Cooper and Oertel use t h e  s t r a i g h t - l i n e  paths of t h e  earlier 

theory by G r i e m  e t  a1 f o r  s t rong  c o l l i s i o n s ,  but f o r  weaker c o l l i s i o n s  

they adopt hyperbolic o r b i t s  t o  b e t t e r  descr ibe  t h e  inf luence  of t h e  i o n i c  

a t t r a c t i v e  f i e l d .  

10% t o  

Elastic c o l l i s i o n s  t y p i c a l l y  con t r ibu te  less than 

.. 
t h e i r  t o t a l  p red ic ted  widths. 

Davis and Roberts a l s o  employ hyperbolic o r b i t s  t o  descr ibe  ion- 

e l e c t r o n  c o l l i s i o n s ,  b u t  u se  ab i n i t i o  ca l cu la t ions  t o  estimate t h e  
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Table =I. MEASURED STARK WIDTHS FOR STRONG ION LINES, 

INCLUDING COMPARISON WITH PREDICTED VALUES. 

17 -3 Full halfwidth at Ne = 10 cm 

Experiment (1964)Ref.[7] (1968)Ref .[52] 
This Theory, Griem Ion Average A (8) 

(Multi- Plasma 
$4 Temperature 

ARIT. 
(16) 

12,000°K 5593.2 1.4 5 .4  12.2 9.6 

si11 10 , OOOOK 5979.0 2.4 2 .4  1.1 2.2  
( 4 )  5041.0 3.0 5 .4  1.5 3.2 
(6) 

* 
PI1 12, OOOOK 5425.9 . 7  k .4 
( 6 )  5386.9 .6 rf: .4 

5499.7 1.0 & .5 
5409.7 .7 & .4 
5316.1 .9 2 .5 

Average : .78 5 .4  .78 1.05 

(7) 5191.4 1.9 2 .4  .55 e94 

(10) 5253.5 .a 2 .4 .65 1.90 

1.55 4943.4 1.9 .5 --- (13) 

0 

Author's estimates based on hydrogenic ion 
radial matrix elements. 

* 
Energy levels taken from W.C. Martin, J. Opt. 
SOC. Am. 49, 107 (1956). .. 
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cont r ibu t ions  of elastic c o l l i s i o n s .  

c o l l i s i o n s  w i l l  o f t e n  considerably modify e l e c t r o n  impact widths. 

Their work suggests t h a t  elastic 

The cu r ren t  r e s u l t s  do no t  cons i s t en t ly  agree with any set of 

p red ic t ions  t o  wi th in  estimated to le rance ,  even when w e  exclude X4815.5 

from t h e  comparisons. 

. 7 1  f o r  t h e  theory of G r i e m ,  .93 f o r  Cooper and Oertel, and .67 f o r  Davis 

and Roberts. 

r e spec t ive ly ,  .65, .89, and .62.) 

The average r a t i o  of pred ic ted  t o  observed widths is  

(Using t h e  r e s u l t s  of Bridges and Wiese these  r a t i o s  become, 

The r e s u l t s  i n  Table X X I  show t h a t  . 4 i  is t h e  typfc-al to le rance  

obtained us ing  4 1  slits. 

w e  a n t i c i p a t e d  a t  t h e  beginning of t h i s  s ec t ion .  

X4943.4 r e f l e c t s  uncer ta in ty  i n  e l e c t r o n  dens i ty :  

are from plasmas h o t t e r  than  12,000°K, where t h e  halfwidth of 

d i f f i c u l t  t o  measure because of excessive emulsion blackening at  t h e  peaks 

of t h e  H p r o f i l e s .  

This is  e s s e n t i a l l y  t h e  e r r o r  from scatter t h a t  

The .5i  to l e rance  on P I1  

t h e  two ava i l ab le  scans 

H is  B 

B 
Predic ted  S ta rk  widths given i n  t h e  t a b l e  were ca l cu la t ed  by t h e  

author using G r i e m ' s  semi-empirieal theory. 

mation t h a t  a l l  broadening can be  described i n  terms of i n t e r a c t i o n  with the  

To save labor  w e  used &he approxi- 

neares t '  dipole-allowed perturbing levels of t h e  upper and lower states: 

according t o  G r i e m  t h i s  approximation may overestimate t h e  widths by as 

much as 10%. 

Four out  of seven of our reswl ts :  S i11  X5979.0 , Si11  A5041.0 , 
PI1  X5191.4 and P I1  4943.4 , agree wi th  I .  t hese  pred ic ted  widths t o  wi th in  

experimental to le rance .  The f a c t o r  of 2 discrepancy between predic ted  and 

observed widths f o r  mul t ip l e t  ( 6 )  of 

' '. 

PI1  only s l i g h t l y  exceeds t h e  sum 

of our 50% experimental tolerance and t h e  35% uncer ta in ty  estimated f o r  t he  

t h e o r e t i c a l  value.  However, our r e s u l t s  f o r  P I  A5253.5 and A211 X5593.2 

d isagree  wi th  theory by f a c t o r s  of 4 and 8, respec t ive ly .  
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Because t h e  experimental va lues  are too s m a l l  wi th  respec t  t o  

theory, t hese  anamalies cannot be  a t t r i b u t e d  t o  blending with hypothesized 

un iden t i f i ed  l i n e s .  Two reasons t h a t  might cause theory t o  overestimate 

t h e  A R I I  h5595.2 width are Debye sh ie ld ing  o r  m i s c l a s s i f i c a t i o n  of t h e  

l ine,  bu t  it does not appear t h a t  e i t h e r  of t hese  can cause t h e  f a c t o r  of 

8 discrepancy w e  observe. 

A t  high e l e c t r o n  d e n s i t i e s  t h e  i o n i c  f i e l d  b u i l d s  up a Debye 

shea th  which e f f e c t i v e l y  s h i e l d s  t h e  i o n  from weak ( l a r g e  impact parameter) 

encounters wi th  inc iden t  e l ec t rons .  However, i t  is p rec i se ly  these  weak 

c o l l i s i o n s  which e f f e c t i v e l y  induce t r a n s i t i o n s  t o  t h e  very close-lying 

per turb ing  levels. G r i e m  shows7 t h a t  Debye 

per turb ing  levels l y i n g  c l o s e r  than 45 w , 
quency. The exc i t ed  state of A R I I  A5593.2 

P 

sh ie ld ing  becomes important f o r  

where w is  t h e  plasma f r e -  

is 
P 

235 cm-I  (.029 ev) removed 

from i ts  nea res t  dipole-allowed per turb ing  level, while our plasma frequencies 

( f o r  plasmas containing AR) never exceeded 90 cm 

ing  is  not expected t o  s t rong ly  inf luence  t h e  broadening of t h i s  l ine .  

-1 . Therefore Debye sh ie ld-  

Now consider t h e  s o r t  of r e c l a s s i f i c a t i o n  t h a t  would be required t o  

lower t h e  pred ic ted  width of A R I I  A5593 by a f a c t o r  of 8. G r i e m ' s  s e m i -  

empir ica l  Gaunt f a c t o r s  are slow varying functions of t h e  energy separa t ion  

between per turb ing  and perturbed levels: 

perturbing levels according t o  present  c l a s s i f i c a t i o n s  w e r e  removed t o  in- 

f i n i t y ,  t h e  decrease i n  pred ic ted  broadening w i l l  be  only a f a c t o r  of 2, 

because of t h e  g r e a t  dens i ty  of remaining perturbing levels. The r a d i a l  

matrix elements which e n t e r  i n t o  t h e  pred ic ted  halfwidths scale with a 

q u a r t i c  dependence on exc i t ed  s ta te  e f f e c t i v e  p r i n c i p l e  quantum number, 

Lowering n* by (8)' = 1.68 would make i t  smaller than t h e  p re sen t ly  

c l a s s i f i e d  ground state f o r  A R I I  . 
w e  determined f o r  t h i s  l ine  w a s  t w i c e  as l a r g e  as t h e  Coulomb approximation 

s o  even i f  t h e  two nea res t  

* n 

Moreover, we recall t h a t  t h e  A-value 
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p r e d i c t s .  If ARII 15593 were p resen t ly  misc l a s s i f i ed ,  t h i s  evidence 

would suggest t h a t  t h e  p r i n c i p l e  quantum number should i n  f a c t  be l a r g e r .  

K. Relative S ta rk  Widths of H and H . 
B Y 

The S ta rk  widths of t h e  hydrogen B a l m e r  l i n e s  have i n  recent  years 
25,29,56,86,125-127 29,55,65,128-132 

been sub jec t  t o  both t h e o r e t i c a l  and experimental study. There 

are two reasons f o r  t h e  s p e c i a l  i n t e r e s t  i n  t h e  broadening of t hese  l i n e s :  

because they are f requent ly  b r i g h t  and t ens  of Angstroms wide i n  labora tory  

plasmas, t h e  a b i l i t y  t o  c o r r e l a t e  t h e i r  S ta rk  widths wi th  e l ec t ron  dens i ty  

makes them va luable  non-interfering plasma d i agnos t i c  probes. Theore t ica l ly ,  

these  l i n e s  provide a rigorous test of proposed broadening models because the  

hydrogen wave func t ions  are known exactly.  

W e  confine our e f f o r t s  t o  measuring t h e  halfwidth of HV r e l a t i v e  
29,55,65,128-132 

1 

B 
Several au thors  have a l ready  measured t h e  halfwidth of H B *  t o  H 

as a func t ion  of e l e c t r o n  dens i ty  and found b e t t e r  than  5% agreement with 
56 

p red ic t ions  of G r i e m ,  Kolb and Shen. While our attempts t o  over-determine 

t h e  state of our  plasma lead us ,  i n  e f f e c t ,  t o  dup l i ca t e  these  measurements, 

our r e s u l t s  are not sub jec t  t o  an unambiguous i n t e r p r e t a t i o n .  That i s ,  

comparing t h e  e l e c t r o n  d e n s i t i e s  deduced from t h e  

G r i e m ,  Kolb, Shen theory wi th  those  deduced by applying t h e  Saha-Boltzmann 

equations t o  measured temperatures and pressures ,  w e  found t h a t  f o r  56 runs 

HB halfwidth and t h e  

(c f .  Fig. 76): 

Q = 1.03 , - - - .02 . 
4 3  

avg . .. 

- 
Ne(1 of HB> 42 

Ne(p,T) - 
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Fig. 76: Comparison of Measured Halfwidths of Hg and H Y 
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However, s i n c e  t h e  concentrations of r e a d i l y  ionized impur i t ies  boiled-off 

t h e  shock tube w a l l s  is  unknown, t h i s  good agreement might be  due t o  theory 

underestimating t h e  S ta rk  broadening whi le  w e  underestimate t h e  impurity 

concentrations.  

G r i e m ,  Kolb and Shen does no t  overestimate t h e  S ta rk  width of H 

than 3% i n  t h e  e l e c t r o n  dens i ty  range studied. 

Our r e s u l t s  do ind ica t e ,  a t  least, t h a t  t h e  theory of 

by more 
B 

For comparison of H and H halfwidths,we do not need t o  know 
B Y 

t h e  exac t  composition of our plasmas. Moreover, previous s t u d i e s  o f . t h e  
29,55,65,128-132 

relative H and H halfwidths d isagree  by as much as 25%, s o  results 
B Y 

need not  b e  r e l i a b l e  t o  b e t t e r  than  5% t o  o f f e r  a meaningful test of t h e  

theory. 

During twenty of our experimental runs drum-camera spectrograms 

simultaneously recorded t h e  p r o f i l e s  of H and H . On almost 1/3 of 

t hese  spectrograms t h e  emulsion dens i ty  a t  t h e  peak of 

permit r e l i a b l e  reduct ion  t o  relative i n t e n s i t i e s ,  while on a few o the r s  

plasma temperatures d id  not excite H 

to-noise r a t i o s  over t h e  e n t i r e  p r o f i l e .  U t i l i z i n g  densitometer scans of 

both f i r s t  r e f l e c t e d  and mul t ip ly  r e f l e c t e d  shocks, w e  d i d  ob ta in  f i f t e e n  

8 Y 

He w a s  too g rea t  t o  

t o  a br ightness  giving good s igna l -  
Y 

p a i r s  of H and H p r o f i l e s  with good o v e r a l l  emulsion d e n s i t i e s .  
B Y 

The f u l l  halfwidths of H and H were read d i r e c t l y  as t h e  
B Y 

widths at  h a l f  peak i n t e n s i t y ,  wi th  no attempt t o  b e s t - f i t  e n t i r e  p r o f i l e s  

t o  t h e o r e t i c a l l y  pred ic ted  shapes. The peak i n t e n s i t y  of H w a s  taken t o  

be t h e  average of t h e  red and b l u e  peaks. 

B 
Corrections were made rou t ine ly  

f o r  both o p t i c a l  depth and t h e  inf luence  of t h e  instrument p r o f i l e :  however, 

both these  co r rec t ions  toge ther  never amounted t o  more than 5% s i n c e  t h e  s l i t  

width w a s  (nominally) 2 w h i l e  peak o p t i c a l  depths remained below 0.1. 
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The estimated uncertainty i n  t h e  typ ica l  H o r  H ha l f -  
B Y 

width is  510% . We be l i eve  most of t h i s  uncertainty is  due t o  random 

reading e r r o r ,  e spec ia l ly  i n  t h e  choice of background i n t e n s i t i e s ,  r a the r  

than repea tab le  e r r o r .  

shoulders of e i t h e r  H o r  H and we  could go a r b i t r a r i l y  far out  on 
B Y 

t h e  wings t o  determine t h e  continuum levels. 

a p r i o r i  e r r o r  estimate i n  two ways. The scatter i n  t h e  r a t i o  of H t o  

For our spec t r a  the re  are no s t rong  l i n e s  on t h e  

The da ta  conform t o  our 

13 - 
H halfwidths  i s  about 15% , as one would expect i f  both halfwidths have 

10% scatter, and 200°K scatter i n  T (cf .  Chapter VI, Section C-6 o r  

Fig.43 ) 

Y 

A% 

corresponds t o  approximately a 10% s c a t t e r  i n  the  halfwidth of 

1 3 '  
H 

Our r e s u l t s  f o r  t h e  f u l l  halfwidth of H as a funct ion of t h e  
Y 

full halfwidth of H are given i n  Fig. 76 . While da ta  w e r e  c o l l e c t e d  from 

plasmas with e l ec t ron  d e n s i t i e s  between 3x10 cmm3 and 1 . 2 ~ 1 0  cm , t h e  

majority of d a t a  came from plasmas with e l ec t ron  d e n s i t i e s  between 5x10 

and 8x10 c m  . Plasma temperatures ranged between 10,500"K and 12,500"K 

with most runs grouping around 11,500"K. 

6 
16 1 7  -3 

16 -3 cm 

16 -3 

Assuming t h e  halfwidths  of H and H are l i n e a r l y  r e l a t ed  
B Y 

over t h i s  range of source condi t ions,  w e  f ind:  

A% of H 
2 = 1.204 - + .044 

AI of H 
avg. 5 

The .044 (3.7%) to le rance  of our r e s u l t  is t h e  uncertainty due t o  scatter. 

As seen i n  Fig. 76 , t h i s  r e s u l t  is  l%.greater than t h e  revised (1968) 

pred ic t ions  of Kepple and G r e i e m  and 7% grea te r  than t h e  (1960) predict ions 

of G r i e m ,  Kolb and Shen. The revised predic t ions  take i n t o  account 

86 

56' 
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per turba t ions  t o  t h e  lower state of H 

work, and a l s o  use d i f f e r e n t  cut-off parameters ( for  weak c o l l i s i o n s )  

, which w a s  not done i n  the  earlier 
Y 

and d i f f e r e n t  i on  d i s t r i b u t i o n s  than w e r e  assumed i n  t h e  1960 predic t ions .  

Because H w a s  o p t i c a l l y  th i ck  i n  our plasmas, no comparison a 
w a s  made between H and H halfwidths.  However, we d id  observe an apparent 

red s h i f t  i n  H 

l e v e l  of hydrogen (boiled-off t h e  shock tube wal l s )  allowed us t o  record H 

i n  a mult iply r e f l e c t e d  shock with a peak o p t i c a l  depth less than .7, 

cor rec t ion  f o r  o p t i c a l  depth 9 H 

ing  an e l ec t ron  dens i ty  of 3.8~10 c m  5 .7x10 cm . Using the  superimposed 

spectrum of a neon O s r a m  lamp we measured a red s h i f t  of 2 : 2 i  f o r  the  peak 

of Ha . 

a B 
. I n  one run using "pure" argon as a test gas the  impurity 

c1 

a 

After  

had a f u l l  halfwidth of 2 4 i  - + 3; , ind ica t -  a 
1 7  -1 1 7  -1 



CHAPTER VI11 

CONCLUSIONS AND CRITIQUE 

A. Conclusions 

We regard this work as a contribution to the field of astrophysics. 

Both stellar abundance and stellar atmosphere studies will benefit from 

the more than 200 transition probabilities presented. Because tempera- 

tures in our source resemble those of stellar chromospheres, the lines 

we measured should also be the lines which appear strong in the visual 

stellar spectra of CI , 01 , Ne1 , ARII , Si1 , Si11 , PI , PI1 , SI , 
SI1 and CRI . For approximately half of these 200 lines our results 

give the first experimentally determined A-values: few of the lines 

studied have previously been measured more than once. 

Two of the methods we have developed, thermally insensitive balanc- 

ing (TIB) , and a new way to secure absolute photometric calibrations, 
should significantly assist the laboratory astrophysicist in the acqui- 

sition of more reliable A-values and the plasma physicist in the deter- 

mination of conditions in high temperature gases. 

The TIB method circumvents, in a simple way, the critical 

implicit thermal dependence usually found in the measured A-values of 

ions and light neutrals, long recognized as a major source of error in 

such determinations. 

wherever the Saha-Boltzmann equationg'are valid and being useful where- 

ever the relative composition of a multi-component plasma is known. 

This new method is quite general, being valid 
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Moreover, in many cases TIB confers the additional advantage of 

allowing the spectroscopist to perform two relative intensity measure- 

ments instead of a more ardous (and often less reliable) measurement 

by absolute intensity measurement. 

Because the new method of absolute intensity calibration re- 

quires a high intensity flash lamp, equipment costs are greater than 

for conventional methods relying on carbon arcs or tungsten filament 

lamps. However, for the growing number of plasma laboratories that 

already employ flash lamps for reversal temperature measurements, the 

new calibration method offers a valuable check on the conventional 

calibration, and in some cases, a superior alternative to it. 

We now collect our results and compare them, collectively, 

with calculations in the Coulomb approximation and with some of the 

predictions of LS coupling. The purpose of these comparisons is 
119 

to make use of the fact that data for all eleven spectra were gathered 

in much the same way; i.e., since all data were gathered on the same 

instruments, sharing the same calibrations and methods of source 

diagnostics, and all A-values were deduced so as to minimize implicit 

thermal dependence, we expect our "trans-species" relative A-values 

to be more reliable than if these eleven spectra had been studied by 

eleven independent workers. 

In particular we seek similarities in their behavior with respect 

to theory for transitions with the same configurations (e.g, 3s - 4p , 
4s - 5p , etc.), for transitions in atoms with the same number of valence 

electrons (e.g. CI 61 Si1 , or 01 * &  SI ) and for transitions in the 

same isoelectronic sequences (e.g. Si1 and PI1 , PI and SI1 ). 
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Fig. 77 shows the ratio of observed A-value to that pre- 

dicted by the Coulomb approximation: Adt.(obs0)/Adt (ca.1 y for 

45 multiplets against an ad-hoc parameter 2 . 
intended to be an index of how hydrogenic the transitions are. 

multiplets shown were measured in their entirety, or were missing no 

more than one of their weaker members whose absence was accounted for 

using LS coupling. Transitions involving equivalent electrons are 

excluded. The parameter 

This parameter is 

The 

does not derive from rigorous quantum mechanical arguments but is 

contrived to be large when transitions are hydrogenic. Here n is 

the effective quantum number of the lower state: at large values of 

n there is less chance of strong interaction between the valence 

electron and other orbital electrons. The factor (1-e-') where 

R = 

core-penetrating , while the factor 
matrix elements are inherently unreliable in the neighborhood of zeros. 

* 
m 

* 
r )  

m 

r' + Rm) , is included in recognition that s-state orbits are 

I Q { is included because radial 

The gross pattern of agreement with hydrogenic predictions has 

one important feature in common with a {Coulomb-idealized situation: 

agreement is best for the most hydrogenic (largest m ) transitions. 

Since the apparatus draws no distinction between hydrogenic and non- 

hydrogenic transitions -- tolerance 
error, thermal dependence, etc., results of higher and lower accuracy 

. I  

estimates are based on photometric 
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are equally distributed between the right and left sides of the 

. figure. But agreement with theory is Unmistakably better at the 

right hand margin where theory is most reliable. 

If there is a tendency for the ratios Amlt (obs. 1 /Amlt (ea. 1 

to group together for spectra of such structure related pairs as CI 

and Si1 , 01 and SI , or the isoelectronic pairs Si1 and PI1 or 

PI and SI1 , it cannot be significantly detected above the already 
mentioned dependence on m . 

Fig. 77 shows one clear correlation between atomic structure 

and degree of adherence to Coulomb predictions: 

transitions are markedly less than predicted values, regardless of 

whether the transitions belong to the spectra of Si1 , PI or SI . 
This curious discrepancy is open to three distinctly different interpretat- 

ions: 

influence on transitions between these configurations, or, our results 

for these transitions are spurious by an average factor of 3,  or 

lines are presently misclassified. 

our results for 4s-5p 

either some quantum mechanical effect has an unexpectedly strong 

- 
the - 

We can suggest no quantum mechanical effects which might be 

responsible for this anomaly. While the 4s lower state configuration 

is expected to be core penetrating, our results for transitions 

agree well with Coulomb predictions. 

4s-4p 

While the misclassification of a single line, or even a group 

of close-lying multiplets, might not be outside of the realm of possi- 

bility, one cannot seriously entertain the suggestion that all 4s-5p 

transitions in three different elemerfts have been misclassified, and in 

precisely the way necessary to give a consistent factor of 3 discrepancy 

with respect to Coulomb predictions. 
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Some workers regard a consistent disagreement between a 

particular set of results and the 

as de facto evidence of systematic experimental error. 

corresponding Coulomb predictions 

According to 

this view, consistent disagreement by a factor of 3, as in the present 

results for Si1 , PI and SI , &nits of no other interpretation. 
The estimated tolerances of our results for these three spectra are 

roughly an order of magnitude too small to cover the disparity with 

respect to Coulomb predictions. 

SI AX4695 and SI AX5279 , respectively, we have said all we can say 
In assigning 15% and 20% tolerances to 

about our certitude for these results. But we should comment on our 

(typically 35%) tolerances for PI and Si1 results. Of all the trans- 

itions we studiedsthose belonging to PI and Si1 are most susceptible 

to error because they alone were deduced solely from AE (emission) 

measurements while the very small absolute concentrations of spectro- 

scopic additives had to be deduced by the methods of Boldt . Even so, 

the tolerances assigned from the data on hand is to the best of our know- 

ledge realistic: it is because the range of our data is less extensive 

than we would like for ferreting out systematic errors that we have 

some intuitive reservations about Si1 and PI . That is, if we had 
collected data over a wider range of source conditions using a variety 

of spectroscopic additives and still found no systematic discrepancies 

within our data, our confidence in these results would have been stronger 

because possible systematic errors, as of now unrecognized, would have 

had a greater chance of being discovered. We should recall here that 

of the two previous experimental studies of SI , one agreed with our 

results to within a few percent while the other was a factor 1.7 larger 

than our result. The single Si1 result available for comparison is a 

factor of 2 greater than our result. 
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TABLE XXII. 
Relative line strengths within multiplets: present results compared w i t h  
LS coupling. 

BJ 

2 -3 
1 -2 
0 -1 
2 -2 

2 -2 
1 -1 
2 -1 
1 -0 
1 -2 
0 -1 

2 -1 
1 -1 

- 

4-14 
4- 4 
1%- 4 
4- 4 
14-24 
1%-14 
4-14 

135-135 
24-135 
Cllr 
14- 4 
135-135 
235-24 
4-14 
14-24 

2 -3 
1 -2 
1 -1 
2-2 
1 -1 
2 -1 
1 -0 
0 -1 
1-2 
2 -1 
1 -1 
0 -1 

3-2 
2 -1 
1-0 
1 -1 

3 -4 
3 -3 
2-2 
1 -1 
2 -1 
1-0 
1-2 
0 -1 

1-2 
1 -1 

5797.9 
5793.1. 
5780. 4 
5859.2 

5708.4 
5690.5 
5754.3 
5701.1 
5645 7 
5665.6 

5684.5 
5622 2 

6347.1 
6371.3 
5978.9 
5957.6 
5056.0 
5056.3) 
5041.0 

5015.8 
5079.3 
5061.9 
5098.2 
5100.9 
5109.6 
5458.3 
5477.7 

6043.1 
6024.1 
6087.8 
5425.9 
5386.9 
5499.7 
5409.7 
5344.7 
5316.1 
5296.1 
5191.4 
5152.2 
4943.4 
4969.6 
4954.3 
4927.0 

b602.1 
4658.3 
5450.7 
5507.1 
5583.3 
5541.2 
5378.1 
5483.6 
5588.2 
5727.7 

Relative l ine strength" 
LS couplinq This experiment 

.. 

21.0 
11.25 
5.00 
3.75 

11.25 
2.25 
3.75 
3.0 
3.75 
3.0 

5.0 
3.0 

4.0 
2.0 
4.0 
2.0 

20.0 

10.0 

4.0 
6.0 

6.6 
5.0 

12.6 
10.0 
18.0 

21.0 
11.25 
3.75 
11.25 
2.25 
3.75 
3.00 
3.00 
3.75 
5.0 
3.0 
1.0 
21.0 
11.25 
5.0 
3.75 

45.0 
3.9 
11.25 
2.25 
3.75 
3.0 
3.75 
3.00 
5.0 
3.0 

15.5*10% 
14. -(*lob 
i3.6*10% 
d.4 - 
10.92*10% 
5.23'15% 
.48*30% 

3.49'15% 
3.13*10% 
3.73*10% 

7.50*10% 
' .50*30% 

3.71*15 % 
2.29*15% 
3.58*10% 
2.42 * 10% 
20.15*5% 

9.85*5% 

2.45225% 
7.55215% 
6.1~20% 
8.47*10% 
9.5 4: 20% 
8.25*20% 
19.756 10% 

24.55215% 
7.93615% 
3.52'15% 

3.41'8% 
2.00*8% 
2.97'8% 
3.98*8% 
2.93*8% 
7.32210% 
1.55*10% 
c.13 -- 

25 e 70*10% 

2.73'10% 
4.31'15 % 

11.71*8% 

8.26 *15 % 

22.7'15 % 
26.3'15% 

3.46 *15 % 

9.21*15% 
3.48*15% 

2.20 *15 % 
4.08*10% 
4.57 '15 % 
5.43'20% 
2.57*% 
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TABLE XXII.(CONTINUED.) 

Multiplet AJ - 
5027.1 
5142.3 
5453.6 
5432.7 
5428.6 
5564.9 
5509.6 
5473.6 
5645.6 

5032.4 
4991.9 
4942.4 
5103.3 

4924.0 
4925.3 1 
4815.5 
4716.2 
4656.7 
5606.1 
5659.9 
5664.7 
5526.2 
5578.8 
5616.6 
5536.7 
5466.5 
5014.0 
4917.1 

5556.0 

5009 5 

(38) 24-355 5320.7 
14-24 5345.6 

(39) 24-2% 5212.6 
l%-l& 
2+i-14 5201.3 52010 O 1 

Relative l ine strength" 
LS coupling This experiment 

4.0 
2.0 

24.0 
12.6 
5.0 
5.4 
6.4 
5.0 

.6 
1.0 

12.6 
1.6 
1.0 
5.4 
5.0 
10.4 

6.0 
4.0 
2.0 

50.0 
22.5 
14.0 
5.7 
7.3 
5.6 

s 29 
.40 

10.0 
4.0 

40.0 
28.0 

28.0 
20.0 

(43) 3-24 4463.5 24.0 
24-14 4483.4 12.0 
1%- % 4486.6 5.0 

3.2128% 
2.79 *15 % 

22.2 357% 
13.09 *7% 
5.19 *7% 
3.77 510% 
6.10 210% 
5.86*11% 

~ 2 . 2 4  -- 
1.52 225% 

3.5028% 
1.30*15% 
5.55 *8% 
4.44*8% 
8.52 *8% 

7.94*10% 
2.54*10% 
1.52*20% 

37.70 510% 
22.80 510% 
13.19 510% 
10.60 515% 
7.3*10% 
5.49520% 
6.54 220% 

12.68 *8% 

C1.90 -- 
10,93*10% 
3.07*l2% 

37.6327% 
30.37 *7% 
31.45 *lo% 
16.55510% 

2 3.2 3 *25% 
8.86 *2 5 % 
9.5 1 *25% 

Experimental relative strengths are normalized against the multiplet of 1,s 
coupling predictions. 
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Comparison of observed line strengths within multiplets with 
* predictions of LS coupling, given in Table XXII , disclosed a generally 

better than 25% level of agreement punctuated by a few large discrepancies. 

Three departures from LS coupling are large enough to suggest misclassi- 

fication: these occur in multiplet (11.) of SiI, multiplet (15) of PI1 

and multiplet (9) of SI1 . For relative A-values of the stronger lines 

within the spectrum of the same species the current results generally 

agree with previous studies Qo 10% - 15%. 
E. Critique of the Experiments Design 

In attempting to appraise the current experiment '$  design 

it can justifiably be asked whether the instrumentation was suitably 

or excessively elaborate to accomplish the preliminary objective of 

measuring the A-value of CI A5052 to 10%. In particular, are both 

photographic and photoelectric recording necessary with a source as 

versatile as the conventional shock tube and when one has developed an 

independent means of checking carbon arc absolute intensity calibrations? 

And, why should four redundant temperatures be measured when the TIB 

method effectively removes the usual implicit A-value dependence on 

temperature? 

To answer such hypothetical questions, we would recall that the 

redundant measurements disclosed many discrepancies, large and small, 

in our early results for CI A5052 How many of the systematic error 

sources thus discovered and remedied would have escaped eventual detection 

with less elaborate plasma diagnosis and photometry is problematical -- 
.. 

but the methods we did use allow us to meaninafully claim 10% overall 

tolerance for our prime result. 

* 
In computing the LS predicted relative line strengths we assumed all mem- 
bers of the same multiplet had equal radial matrix elements and neglected 
the difference in wavelength for members of the same multiplet. 
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We also point out that once one gets over the initial hurdles 

of building and checking-out such a system, its potential for efficiently 

collecting very extensive data is unsurpassed. 

this authors'. results and those of Bengtson 

transition probabilities. 

the spectrum of a typical metal, they here in fact constitute a very sub- 

stantial fraction of the stronger (A sec-l) visible lines from 

the second and third rows of the periodic table that hitherto either had 

not been measured at all, or had been measured to reliabilities estimated 

as less than 50%. 

For instance, the sum of 
* 
comes to well over 300 

While this number of lines might be found in 

5 
2 3x10 mn 

C. Suggestions for Future Work 

The factor of 3 disparity between our PI and Si1 results and 

theory calls for further investigation. If the current results are spurious, 

then the astrophysical importance of the Si1 spectrum demands better 

values: if the current results are essentially correct, then theory 

must be updated. Future work on visible Si1 spectra should include 

Si1 A3905 SO that the relative A-values of Corliss and Bozman can be utilized 48 

as transfer standards into the W where the radiative lifetime studies 

of Lawrence and SavageC17 afford reliable Si1 A-values for comparison. 

Solar abundance studies would also profit from the inclusion in future 

studies of the near - IR Si1 lines: some of these are bright enough to 

compensate for the reduced sensitivity of IR detectors and should be 

measurable in laboratory sources giving useful brightness to visible Si1 

lines. 
I .  

__ * 61 With some modifications to the system we have described, Bengtson 
obtained the first exper'imental A-values for FI, BrI, BrII, and the IR 
lines of CRI ; his results also encompassed all the stronger visible 
lines of CRI and CRII. 
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Coming as they d i d  from d a t a  never intended €or t h e  purpose, 

our r e s u l t s  f o r  S t a rk  broadening (and s h i f t i n g )  hardly do j u s t i c e ,  

e i t h e r  q u a n t i t a t i v e l y  o r  q u a l i t a t i v e l y ,  t o  our system's capac i ty  f o r  

t h e  c o l l e c t i o n  of such information. Moreover, recent  development of 

a new generation of commercial spectrographs claiming both good reso- 

l u t i o n s  and l a r g e  ape r tu re s ,  toge ther  with t h e  a v a i l a b i l i t y  of f a s t e r  

f i lms  
* , makes f e a s i b l e  s t u d i e s  of i on  l i n e  broadening t h a t  can be both 

comprehensive i n  scope and y e t  highly accurate.  

theory f o r  i ons  can w e l l  use  r e l i a b l e  d a t a  a t  t h i s  t h ~ e ' * ~ a n d  it w i l l  

The l i n e  broadening 

be doubly va luable  when c o l l e c t i n g  i n  a coherent fashion -- i.e., when 

a s i n g l e  spectrogram, o r  t h e  output from a s i n g l e  day's opera t ion  of t h e  

same equipment, might y i e l d  d a t a  f o r  two o r  even t h r e e  d i f f e r e n t  ions.  

I n  p a r t i c u l a r ,  w e  suggest s t a r t i n g  with P I1  f o r  time-resolved photographic 

broadening s tud ie s :  i ts  v i s i b l e  spectrum is  r i c h  i n  l ines  r ead i ly  

e x c i t a b l e  i n  1 e V  thermal sources, many mul t ip l e t s  conta in  seve ra l  

reso lvable  members, and t h e  pred ic ted  S ta rk  broadening f o r  d i f f e r e n t  

v i s i b l e  m u l t i p l e t s  covers a range of 4 i n  halfwidth. Our own estimates 

of broadening have c e r t a i n l y  not pre-empted P I1  as an objec t  f o r  study. 

Another candidate f o r  f u t u r e  broadening s t u d i e s  is  A R I I  , f o r  

whose A5593 l i n e  w e  have observed an anomalously l a r g e  disagreement 

wi th  cu r ren t  i o n  broaderiing theory. 

Three genera l  areas of study t h a t  could e f f e c t i v e l y  p r o f i t  from 

t h e  methods and techniques w e  have employed, and which are of sustained 

a s t rophys ica l  i n t e r e s t ,  are: t r a n s i t i o n  p r o b a b i l i t i e s  f o r  f i r s t  ions  of 

t h e  metals, and t r a n s i t i o n  probabi l i t ' i es  of t h e  l i g h t  elements and t h e i r  

f i r s t  i ons  i n  both t h e  near I R  and near W . 
* 
For example, Kodak ?"2485. 
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